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ABSTRACT 
An extensive experimental investigation has been conducted to 
study the load-carrying capacity of cold-formed steel web elements 
subjected to bending stress, shear stress, and a combination of 
bending and shear stresses. Emphasis has been concentrated on the 
instability and postbuckling strength of beam webs. 
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In the study of beam webs subjected only to bending, the post-
buckling strength of web elements and the effect of the compression 
flange on the moment capacity have been carefully evaluated for beams 
having stiffened and unstiffened flanges. Based on 84 test results, 
formulas have been developed to predict the ultimate moment capacity 
of cold-formed steel beams with due consideration given to the actual 
bending strength of web elements. These formulas are based on either 
the full web area or the effective web area. 
For a study of beam webs subjected primarily to shear, the results 
of 43 tests have been compared with the theoretical failure stress. 
It was found that the ultimate shear strength of cold-formed steel 
beam webs is affected significantly by the loading and support 
conditions. 
The structural behavior of cold-formed steel web elements 
subjected to combined bending and shear was also investigated. 
Interaction formulas have been developed to calculate the ultimate 
capacity of web elements with due consideration given to the post-
buckling strengths for both bending and shear. 
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PREFACE 
Since the early 1940's, thin-walled, cold-formed steel structural 
members have gained increasing use in building construction and 
different types of structural framing systems. This trend is attri-
buted to the favorable strength-to-weight ratio, ease of prefabrication 
and mass production, fast and easy erection and installation, and 
many other factors (4,5). 
With the increasing use of cold-formed steel for primary struc-
tural members and the advent of higher strength steel, refinement 
of current design provisions may be necessary. To obtain the needed 
background information for developing additional design criteria, a 
research project entitled "Webs for Cold-Formed Steel Flexural Members" 
has been conducted at the University of Missouri-Rolla (UMR) under 
the sponsorship of the American Iron and Steel Institute (AISI). 
This research project has involved the study of the structural behavior 
of cold-formed steel beam webs subjected to bending stress, shear 
stress, crippling load, and the combinations thereof. 
The results for a study of beam webs subjected to pure bending 
are presented in Ref. 1, while Refs. 2 and 3 describe the findings 
of the studies on beam webs subjected primarily to shear and combined 
bending and shear stresses. The research findings presented in these 
three reports are herein summarized in the form of five papers and 
two appendices. Other studies will be discussed in subsequent reports 
and publications. 
The influence of the postbuckling strength of web elements and 
the effect of the interaction of beam web and flange on the moment 
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capacity of beam members have been studied. The first paper deals 
with the investigation of 68 beam members having stiffened compression 
flanges. The second paper covers a similar study for 16 beams having 
unstiffened compression flanges. 
In the third paper, the developments of "effective depth" equations 
for webs subjected to bending stress are presented. These equations 
are applicable for beams having both stiffened and unstiffened 
compression flanges. 
The shear strength of cold-formed steel web elements was also 
evaluated experimentally at the University of Missouri-Rolla. 
Presented in the fourth paper are comparisons between the tested 
and theoretical shear failure stresses along with the findings obtained 
from a study of the shear capacity of 43 beam webs affected by the 
loading and support conditions. 
The fifth paper summarizes the results of 25 tests coupled with 
the development of three interaction formulas for cold-formed steel 
web elements subjected to combined bending and shear. 
Sample calculations depicting the proper use of the equations 
described in the first three papers are given in Appendix A. 
A study was conducted to measure the deformation of cold-formed 
steel beam webs subjected to bending and primarily to shear. The 
procedures used and the findings obtained for this investigation are 
discussed in Appendix B. 
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BENDING STRENGTH OF COLD-FORMED STEEL 
BEAM WEBS WITH STIFFENED FLANGES 
By Roger A. LaBoube and Wei-Wen Yu 
ABSTRACT 
The postbuckling strength of web elements in bending and the 
interaction of beam web and flange have been studied to determine 
their influence on the moment capacity of beams having stiffened 
compression flanges. Based on the results of 68 tests, three 
methods have been developed for predicting the ultimate moment 
capacity of cold-formed steel beams with due consideration given 
to the actual bending strength of web elements. 
KEYWORDS: beams (supports); webs; moments; cold-rolled steel; 




BENDING STRENGTH OF COLD-FORMED STEEL 
BEAM WEBS WITH STIFFENED FLANGES 
By Roger A. LaBoube, 1 A.M. ASCE, and Wei-Wen Yu, 2 M. ASCE 
INTRODUCTION 
In recent years, thin-walled, cold-formed steel structural 
members have gained increasing use in building construction and 
different types of structural systems. This trend can be attributed 
to the favorable strength-to-weight ratio, ease of prefabrication and 
mass production, fast and easy erection and installation, and improve-
ments in design criteria and manufacturing methods (8,10). 
Because of the use of new sections in conjunction with high 
strength steel sheet and strip, the determination of the strength of 
some beam webs may be beyond the scope of the present specification of 
the American Iron and Steel Institute (AISI)· (6,9). For this reason, 
an investigation of cold-formed steel beam webs was initiated in 1973 
at the University of Missouri-Rolla (UMR) under AISI sponsorship. 
Although this research project involves the study of webs subjected 
to various types of stresses, this paper deals only with an investiga-
tion of the postbuckling strength of web elements and the interaction 
1Assistant Professor of Civil Engineering, Iowa State University, 
Ames, Iowa; formerly, Research Assistant, University of Missouri-
Rolla, Rolla, Missouri. 
2 Professor of Civil Engineering, University of Missouri-Rolla, Rolla, 
Missouri. 
of the beam web and flange on the bending capacity of beams having 
stiffened compression flanges. 
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It is a well known fact that webs which are subjected to bending 
do not fail at the theoretical buckling stress, but develop sizable 
postbuckling strength. For this reason, the actual bending strength 
of beam webs has been investigated by the testing of 68 beam specimens. 
This paper presents the test results coupled with three empirical 
formulas which reflect the actual postbuckling strength of web elements 
in bending. 
EXPERIMENTAL INVESTIGATION 
The objectives of the experimental investigation have been to 
determine the postbuckling strength of beam webs and to develop general 
expressions for predicting the bending capacity of beam members. 
A total of 68 beam specimens having stiffened compression flanges 
were tested under pure bending conditions. These specimens consisted 
of 52 built-up members fabricated from channel sections and 16 hat 
sections as shown in Figs. 1 through 4 (3,4,5). In the fabrication 
of the built-up beams, the channel sections were braced by 3/4 x 3/4 x 
1/8 in. (19.05 x 19.05 x 3.23 mm) angles at the compression flange 
and by 1/8 x 3/4 in. (3.23 x 19.05 rom) rectangular bars at the tension 
flange. The intervals between the braces were close enough to prevent 
lateral buckling of each individual channel. For the modified built-up 
beams and hat sections (Figs. 2 and 4), additional steel sheets were 
fastened to the tension flanges in order that the maximum compressive 
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bending stress in the web would be larger than the tensile bending 
stress. Self-tapping screws were used for all the connections. For 
all test specimens, the cross-section dimensions are given in 
Tables 1 and 2, and the pertinent parameters are contained in Table 3. 
These specimens possessed the following range of parameters: 
1. Yield point of steel: 33.46 to 53.79 ksi 
2. h/t ratio of web: 75.03 to 267.57 
3. w/t ratio of stiffened flange: 24.65 to 313.15 
4. fc/ft ratio in web: 0.92 to 1.67 
In the above parameters, h = clear distance between the flanges 
measured along the plane of the web, t = thickness of the steel, 
w = the flat width of the compression flange, f = the maximum 
c 
compressive bending stress in the web, ft = the maximum tensile 
bending stress in the web. 
Following the fabrication of the beam specimens, side channels 
were fastened to the beam webs at the locations shown in Fig. 5. 
These side channels were used to support the bearing plates for the 
applied load and to transfer the load to the beam through the webs. 
Because the purpose of this phase of the investigation was to study 
the beam web behavior due to bending stress alone, it was found that 
this arrangement eliminated the effect of the contact bearing stress 
on the load carrying capacity of beam webs subjected to bending stress. 
Each specimen was tested as a simply supported beam under two 
concentrated loads as shown in Figs. 5 and 6. In order to prevent 
lateral movement and rotation of the beam specimen, braces were 
5 
provided in the central portion of the beam at close intervals as 
given in Table 3. Also, vertical rollers were placed at the ends of 
the beams (3,4). 
The loads were applied by a hydraulic jack and measured by a load 
cell. All beams were tested to failure. The ultimate loads, (P ) , 
u test 
are listed in Table 4. 
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EVALUATION OF TEST RESULTS 
The test data was analyzed to determine the postbuckling strength 
of cold-formed steel web elements and the reduction in bending 
resistance due to large h/t ratio. Three formulas have been 
developed from this study. The predicted bending capacities have 
been compared with the test data obtained from this program. 
Postbuckling Strength.--To evaluate the postbuckling strength 
of web elements subjected to bending, the ratio of the ultimate load 
to the theoretical web buckling load, (P )t t/(P )th , has been 
u es cr eo 
carefully studied for each test specimen (Table 4). The value of 
(Pcr)theo is computed from the critical buckling stress given by 








in which k = buckling coefficient for web element subjected to bending = 
4+2(1+8) 3+2(1+8), S=lf /f I, (7) E =modulus of elasticity,~= 
t c 
Poisson's ratio, and /n = ~ = plasticity reduction factor. 
It was found that the postbuckling strength of web elements 
is a function of four significant parameters: the h/t ratio of the 
web, the bending stress ratio in the web, lfc/ftl' the w/t ratio of 
the compression flange, and the yield point of the steel, F in ksi. y 
From an in depth study of each of the aforementioned parameters, 
it has been determined that the postbuckling strength increases 
as the h/t ratio, If /ftl ratio, and F increase. However, an increase 
c y 
in the w/t ratio results in a reduction of the postbuckling strength. 
This is shown graphically by Figs. 7 through 10. 
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Numerically, the postbuckling strength of beam webs can be 
determined by the following formula: 
in which~ = postbuckling strength factor = (P ) /(P ) 
u test cr thea 
al = 0.017 (h/t) - 0.790 (2a) 
a2 = 0.462 lfc/ftl + 0.538* (2b) 
a3 = 1.16 - 0.16 [(w/t)/(w/t) 1 . ] < 1.0,** when liD 
(w/t)/(w/t) 1 . < 2.25 liD -
= 0.80, when (w/t)/(w/t) 1 . > 2.25 liD (2c) 
a 4 = 0.561 (FY/33) + 0.10 (2d) 
(w/t) 1 . = 171/lf according to Section 2.3.1.1 of lffi 
the AISI Specification (6) 
f = actual stress in the compression flange computed on the 
basis of the effective design width, ksi. 
Equations 2a through 2d were established by regression analysis 
and engineering judgment. 
Comparisons of the tested and computed postbuckling strength 
factors are presented graphically by Figs. ll(a) and ll(b) which 
*Based on the regression analysis, a2 = 0.498 If /f I + 0.540. · 
Eq. 2b was conservatively selected to give a 2 =cl.b for If /f I = 1.0 c t 
**Based on the regression analysis, a3 = 1.244 - 0.234 [(w/t)/(w/t) 1 . ] 
when (w/t)/(w/t)lim ~ 2.0. Eq. 2c was selected to give a 3 = 1.0 1 m for w/t < (w/t) 1 .. - liD 
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indicate that Eq. 2 adequately predicts the postbuckling strength 
to within ± 20 percent of the tested value. 
By using Eqs. 1 and 2, the moment capacities of the beam 




in which Sx is the section modulus computed for the full web area 
and the effective flange area determined on the basis of f The 
cr 
accuracy of this method is demonstrated by the ratio of the tested 
to computed ultimate moment capacities, (M )t t/(M ) , given in 
u es u comp 
Table 5. It can be seen that the ratios range from 0.825 to 1.20 
and has a mean value of 1.023. 
In recent years, Swedish researchers (1,2,7) have also studied 
the postbuckling behavior of cold-formed steel web elements in 
bending. They have developed a method for evaluating the bending 
capacity of beams which utilizes the effective depth of the compression 
portion of the web element. These "effective depth" equations, which 
reflect the postbuckling strength of the beam web, will be discussed, 
along with a UMR effective depth equation, in a subsequent paper (5). 
Reduction in Moment Resistance.--In regions having large bending 
moments, a portion of a thin web with large h/t ratios may buckle 
on the compression side of the neutral axis prior to failure of the 
compression flange. Consequently, the compression stress which the 
web would have resisted is, therefore, shifted to the compression 
flange. This behavior results in the reduction of the flange capacity. 
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This reduction is demonstrated by the ratio of (P ) /(P ) 
u test y theo 
given in Table 4. (P ) h is the computed load for the entire beam y t eo 
section when the extreme fibers of the section reach the yield 
point of steel. 
Based on the test results, Eq. 3 was derived for the reduction 
factor, .A., to be used for estimating the reduced bending capacity 
of cold-formed members having h/t > 136.81 ~­y 
A~ 1.197 - 1.44 (10-3 )(~) J ~ S 1 (3) 
The above equation was developed from Fig. 12, which is a plot of 
(P )t t/(P )th versus (h/t)lf /k. The symbols h, t, F and k 
u es y eo y y 
were previously defined. 
By using Eq. 3, the computed ultimate moments, (~ )' , of the 
u comp 
beam specimens governed by web elements are determined by 
(M ) ' = .A.s F 
u comp · x y 
in which the value of S is determined by us~ng an effective flange 
X 
area based on F combined with the full web area. As given in y 
Table 5, the ratios of (M) /(M )' vary from 0.852 to 1.200 
u test u comp 
with a mean of 1.005. 
In the application of Eq. 3, k may be difficult to evaluate 
because it is determined by the actual bending stress ratio, the 
aspect ratio, and the boundary conditions of the web element. Thus, 
a simplified formula was developed for practical use. 
Figure 13 presents the relationship between (Pu)test/(Py)theo 
and (h/t)~ from which the simplified expression for the y 
reduction factor A' was found to be 
A' = 1.210- 3.37 (l0- 4)(~)/~ < 1 
t y - (4) 
The accuracy of Eq. 4 is also compared with the test data in 
Table 5. The ratios of (M )t t/(M )" vary from 0.804 to 1.189 
u es u camp 
with a mean value of 1.002. In this regard, the value of (M )" 
u camp 
is computed by A.'S F . 
X y 
SUMMARY 
The objective of this phase of the investigation has been to 
10 
study the structural behavior of cold-formed steel beam webs subjected 
to a pure bending stress and to develop additional information for 
use by practicing engineers. 
The postbuckling strength of web elements subjected bending stress 
was determined to be a function of the web slenderness ratio, the 
bending stress ratio of the web, the flat width to thickness ratio 
of the compression flange, and the yield point of the steel. A 
formula for calculating the postbuckling strength factor is presented 
herein. In addition, two formulas are given which provide for reducing 
the bending capacity of beams with large h/t ratios. These three 
formulas are utilized to evaluate the ultimate moment capacity of 
cold-formed steel beams having stiffened compression flanges. 
11 
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AJ>PENDIX II.~~NOTATION 
The following symbols are used in this paper: 
E ~ modulus of elasticity, in kips per square inch; 
E ~ tangent modulus, in kips per square inch; 
t 
F y ::: yield point, in kips per square inch; 
13 
f ;:: actual stress in compression flange, in kips per square inch; 
f =maximum compressive bending stress in web, in kips per 
c 
square inch; 
f critical buckling stress, in kips per square inch; 
cr 
tt =maximum tensile bending stress in web, in kips per square 
inch; 
h = clear distance between flanges measured along plane of 
web, in inches; 
k = buckling coefficient for a web element in bending; 
(M ) = computed ultimate bending moment based on ~, in inch-kips; 
u comp 
(M ) ' = computed ultimate bending moment based on A, in inch-kips; 
u camp 
(M ) '' = computed ultimate bending moment based on A.', in inch-kips; 
u comp 
(M ) = tested bending moment, in inch-kips; 
u test 
(P ) - critical buckling load, in kips; cr theo -
(P ) = ultimate load, in kips; 
u test 
(Py)theo = yield load, in kips; 
S = section modulus about x-x axis, in inches3 ; 
X 
t = thickness of base material, in inches; 
w = flat width of compression flange, in inches; 
a1 ~ postbuckling factor for h/t; 
a2 = postbuckling factor fo;r lfc/ftl; 
a3 postbuckling factor for (w/t) l (w/t) lim; 
a4 postbuckling factor for f y' 
s = lft/fcl; 
>, reduction factor for bending capacity; 
A.' = simplified reduction factor for 
~ postbuckling strength factor; 
/D = plasticity reduction factor; and 
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No. Thick. B1 B2 
(1) (2) (3) (4) 
B-1-1 0.0500 2.020 2.000 
B-1-2 0.0495 2.013 2.005 
B-2-1 0.0500 1.990 1.975 
B-2-2 0.0495 1.972 1.985 
B-3-1 0.0497 1.970 2.005 
B-3-2 0.0490 2.020 2.005 
B-3-3 0.0460 1.962 1.913 
B-3-4 0~0460 1.931 1.929 
B-9-1 0.0460 3.475 3.480 
B-9-2 0. 0460 3.478 3.474 
B-10-1 0.0509 1.485 1.475 
B-10-2 0.0485 1.480 1.503 
B-11-1 0.0500 1.479 1.502 
B-11-2 0.0502 1.495 1.511 
B-12-1 0.0502 1.490 1.503 
B-12-2 0.0520 1.475 1.490 
B-13-1 0.0490 1. 770 1.795 
B-13-2 0.0510 1.762 1.789 
B-14-1 0.0490 2.556 2. 549 
B-14-2 0.0508 2.536 2.540 
B-15-1 0.0495 3.124 3.140 
B-15-2 0.0490 3.150 3.141 
B-16-1 0.0510 2.518 2.516 
B-16-2 0.0515 2.508 2.504 
TABLE 1 
DIMENSIONS OF BENDING TEST SPECIMENS 
(BUILT-UP SECTIONS) 
Cross-Section Dimensions, in inches 
B3 B4 d1 d2 D1 D2 
(5) (6) (7) (8) (9) (10) 
2.004 2.025 0.605 0.607 4.920 4.900 
2.000 2.012 0.607 0.605 4.960 4.940 
1.977 1.987 0.606 0.605 6.200 6.200 
1.963 1.978 0.598 0.624 6.240 6.240 
2.009 2.005 0.611 0.607 7.340 7.340 
2.004 2.014 0.613 0.611 7.320 7.360 
1.928 1.958 0.653 0.618 6.861 6.760 
1.944 1.930 0.645 0.566 6.890 6.873 
3.431 3.448 0.643 0.695 7.088 7.092 
3.480 3.461 0.676 0.653 7.055 7.012 
1.490 1.490 0.560 0.602 4.040 4.000 
1.478 1.495 0.595 0.595 4.020 4.020 
1.500 1.485 0.607 0.590 5.960 5.960 
1.505 1.505 0.605 0.603 5.940 5.900 
1.493 1.512 0.608 0.603 7.360 7.440 
1.501 1.505 0.603 0.597 7.400 7.380 
1.788 1.789 0.607 0.604 4.016 4.015 
1.792 1.770 0.580 0.609 4.050 4.050 
2.545 2.555 0.606 0.607 5.930 5.920 
2.535 2.563 0.605 0.614 5.920 5.920 
3.162 3.139 0.614 0.600 7.400 7.300 
3.156 3.135 0.604 0.600 7.400 7.400 
2.518 2.525 0.597 0.611 3.965 3.985 
2.514 2.516 0.591 0.601 3.957 3.977 
Span 
length, a, in 
t in inches BB BP p inches 
(11) (12) (13) (14) (15) 
6 75.25 25.08 
6 75.25 25.08 
6 80.60 26.87 
6 80.60 26.87 
6 114.00 38.00 
6 114.00 38.00 
9 90.00 30.00 
9 90.00 30.00 
9 105.00 35.00 
9 105.00 35.00 
6 75.75 25.25 
6 75.75 25.25 
6 7 5. 7 5 25.25 
6 75.75 25.25 
6 101.50 33.83 
6 101.50 33.83 
9 75.00 25.00 
9 75.00 25.00 
9 91.50 30.50 
9 91.50 30.50 
9 117.00 39.00 
9 117.00 39.00 
9 90.00 30.00 w 
9 90.00 30.00 0 
TABLE 1 
DIMENSIONS OF BENDING TEST SPECIMENS 
(BUILT-UP SECTIONS) 
(Continued) 
Beam Cross-Section Dimensions, in inches Span 
specimen length, a, in 
No. Thick. B1 B2 B3 B4 d1 d2 D1 D2 BB BP t in inches p inches 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) 
B-17-1 0.0505 3.035 3.049 3.044 3.000 0.547 0.553 5.900 5.900 9 107.00 35.67 
B-17-2 0.0505 3.302 3.045 3.041 3.039 0.587 0.591 5.860 5.940 9 107.00 35.67 
B-18-1 0.0510 3.513 3.512 3.530 3.510 0.606 0.606 7.280 7.360 9 117.00 39.00 
B-18-2 0.0511 3.510 3.506 3.511 3.512 0.609 0.573 7.300 7.260 9 117.00 39.00 
B-19-1 0.0490 1.494 1.464 1.463 1.480 0.635 0.672 9.828 9.833 9 136.00 48.00 
B-19-2 0.0465 1.492 1.457 1.455 1.478 0.647 0,652 9.769 9.789 9 136.00 48.00 
B-20-1 0.0466 1.504 1.481 1.472 1.471 0.656 0.658 12.390 12.450 9 136.00 43.13 
B-20-2 0.0460 1.487 1.456 1.489 1.488 0.639 0.628 12.390 12.400 9 136.00 43.13 
MB-3-1 0.0460 1.910 1.954 1.965 1.909 0.673 0.591 6.848 6.846 9 6.939 0.0510 102.00 34.00 
MB-3-2 0.0460 1.919 1.936 1.975 1.956 0.620 0.631 6.895 6.850 9 6.939 0.0510 102.00 34.00 
MB-9-1 0.0465 3.441 3.470 3.479 3.450 0.586 0.594 6. 780 6.793 9 4.969 0.0515 117.00 39.00 
MB-9-2 0.0460 3.476 3.485 3.476 3.475 0.625 0.665 6.760 6.758 9 4.969 0.0515 117.00 39.00 
MB-10-1 0.0496 1.490 1.465 1.480 1.491 0.599 0.602 4.030 4.040 6 4.145 0.0499 76.00 25.33 
MB-10-2 0.0508 1.477 1.488 1.495 1.495 0.587 0.614 4.210 4.290 6 4.145 0.0499 76.00 25.33 
MB-11-1 0.0505 1.504 1.476 1.502 1.506 0.598 0.638 5.960 5.940 6 5.152 0.0499 81.00 27.00 
MB-11-2 0.0495 1.485 1.511 1.499 1.505 0.606 0.609 5.950 5.930 6 5.152 0.0499 81.00 27.00 
MB-12-1 0.0515 1.504 1.503 1.505 1.473 0.601 0.605 7.320 7.340 6 6.260 0.0505 117.00 39.00 
MB-12-2 0.0510 1.492 1.508 1.508 1.510 0.606 0.612 7.320 7.280 6 6.390 0.0510 117.00 39.00 
MB-16-1 0.0510 2.505 2.505 2.511 2.525 0.598 0.609 3.975 3.960 9 3.498 0.0500 76.00 25.33 
MB-16-2 0.0510 2.521 2.522 2.518 2.514 0.612 0.614 3.950 3.938 9 3.490 0.0500 76.00 25.33 
MB-17-1 0.0510 3.045 3.029 3.030 3.049 0.607 0.597 5.880 5.880 9 3.504 0.0500 93.00 31.00 




DIMENSIONS OF BENDING TEST SPECIMENS 
(BUILT-UP SECTIONS) 
(Continued) 
Beam Cross-Section Dimensions, in inches 
specimen 
No. Thick. B1 B2 B3 B4 dl d2 D1 D2 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
MB-18-1 0.0508 3.512 3.511 3.497 3.515 0.597 0.605 7.360 7.340 
MB-18-2 0.0515 3.525 3.522 3.496 3.518 0.601 0.605 7.360 7.380 
~-19-1 0.0479 1.477 1.474 1.488 1.503 0.645 0.632 9,753 9.768 
MB-19-2 0.0489 1.480 1.521 1.469 1.501 0.646 0.624 9.831 9.789 
MB-20-1 0.0465 1.457 1.447 1.459 1.455 0.662 0.643 12.380 12.380 
MB-20-2 0.0491 1.477 1.466 1.490 1.472 0.652 0.627 12.410 12.380 
Notes: 1. 1 in. = 25.4 mm. 
2, See Figs. 1 and 2 for the symbols used for dimensions, 
3. Inside bend radius was assumed to be equal to the thickness. 
4. See Fig. 5 for definition of a. 
5. Beam Specimens are designated as follows: 
B 3 1 
Beron Section Channel No. Test No. 
~B 1 l 
Modified Beam Specimen No. Test No. 
Section 
t BB BP p 
(11) (12) (13) 
9 3.504 0.0500 
9 3.504 0.0500 
9 6.089 0.0488 
9 6.089 0.0488 
9 8.023 0.0490 
























DIMENSIONS OF BENDING TEST SPECIMENS (HAT SECTIONS) 
Beam Cross-Section Dimensions, in inches Span 
specimen length, a, in 
No. Thick. Bl B2 B3 D1 D2 BPL tp in inches inches 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
H-1-1 0.0480 7.464 1.192 1.253 7.434 7.429 90.00 30.00 
H-1-2 0.0490 7.444 1.248 1.200 7,501 7.461 90.00 30.00 
H-2-1 0.0488 15.120 1.235 1.343 7.435 7.393 90.00 30.00 
H-2-2 0.0478 15.160 1.223 1.265 7.489 7.454 90.00 30.00 
H-3-1 0.0498 7.461 3.055 3.076 7.500 7.456 90.00 30.00 
H-3-2 0.0491 7.480 2.997 3.054 7.486 7.459 90.00 30.00 
H-4-1 0.0488 15.270 3.173 3.091 7.459 7.490 90.00 30.00 
H-4-2 0.0482 15.130 3.184 3.133 7.473 7.455 90.00 30,00 
H-5-1 0.0498 9.775 1.373 1.474 9.725 9.810 136,00 48.00 
H-5-2 0.0480 9.808 1.424 1.396 9.836 9.685 136.00 48.00 
H-6-1 0,0505 12.450 1.785 1.812 12.390 12.460 136.00 43.13 
H-6-2 0.0490 12.420 1.800 1.781 12.410 12.500 136.00 43.13 
H-7-1 0.0484 9.796 3.393 3.339 9.833 9.653 6.089 0.0488 136.00 48.00 
H-7-2 0.0492 9.780 3.284 3.422 9.723 9.781 6.089 0.0488 136.00 48.00 
H-8-1 0.0490 12.500 4.588 4.744 12.500 12.390 6.089 0.0488 136.00 43.13 
H-8-2 0.0470 12.400 4.657 4.735 12.430 12.410 6.089 0.0488 136.00 43.13 
Notes: 1. 1 in. = 25.4 mm. 
2. See Figs. 3 and 4 for the symbols used for dimensions. 
3. Inside bend radius was assumed to be equal to the thickness. 
4. See Fig. 5 for definition of a. 
5. Beam specimens are designated as follows: 
H 1 1 





PERTINENT PARAMETERS OF BENDING TEST SPECIMENS 
Beam y, in ,Q, * (w/t) 1 . kips per ' specimen h/t w/t l.ill lfc/ftj in 
No. square inches inch 
(1) (2) (3) (4) (5) (6) (7) 
B-1-1 96.20 36.04 32,.16 47.12 1.02 8.36 
B-1-2 98.00 36.67 32.16 47.12 1.03 8.36 
B-2-1 122.00 35.80 32.16 47.12 1.02 8.96 
B-2-2 124.06 36.10 32.16 47.12 1.02 8.96 
B-3-1 145.67 36.34 32.16 47.12 1.02 12.67 
B-3-2 147.80 37.22 32.16 47.12 1.02 12.67 
B-3-3 146.05 38.12 38.16 33.46 1.00 10.00 
B-3-4 147.60 37.96 38.16 33.46 0.99 10.00 
B-9-1 152.00 71.54 38.16 33.46 1.14 11.67 
B-9-2 150.00 71.52 38.16 33.46 1.13 11.67 
B-10-1 76.98 25.17 30.10 53.79 1.01 8.42 
B-10-2 80.89 26.99 30.10 53.79 1.00 8.42 
B-11-1 117.20 26.04 30.10 53.79 1.00 8.42 
B-11-2 115.93 26.10 30.10 53.79 1.00 8.42 
B-12-1 145.41 25.94 30.10 53.79 1.00 11.28 
B-12-2 140.11 24.65 30.10 53.79 1.00 11.28 
B-13-1 79.95 32.37 30.10 53.79 1.01 8.33 
B-13-2 77.41 30.81 30.10 53.79 1.01 8.33 
B-14-1 118.92 48.09 30.10 53.79 1.00 10.17 
B-14-2 114.54 45.96 30.10 53.79 1.00 10.17 
B-15-1 146.48 59.27 30.10 53.79 1.00 13.00 
B-15-2 149.02 60.19 30.10 53.79 1.00 13.00 
B-16-1 75.94 45.35 30.10 53.79 1.00 10.00 
B-16-2 75.03 44.66 30.10 53.79 1.00 10.00 
B-17-1 114.83 56.24 30.10 53.79 1.00 11.89 
B-17-2 114.83 56.17 30.10 53.79 1.00 11.89 
B-18-1 141.53 64.77 30.10 53.79 1.00 13.00 
B-18-2 140.47 64.65 30.10 53.79 1.00 13.00 
B-19-1 209.46 26.49 33.35 43.82 1.00 16.00 
B-19-2 208.52 28.09 33.35 43.82 1.00 16.00 
B-20-1 265.17 28.27 33.35 43.82 1.00 14.38 
B-20-2 267.57 28.33 33.35 43.82 1.00 14.38 
MB-3-1 146.83 37.52 38.16 33.46 1.67 11.33 
MB-3-2 146.91 37.72 38,16 33.46 1.67 11.33 
MB-9-1 143.81 70.00 38.16 33.46 1.48 13.00 
MB-9-2 144.91 71.57 38.16 33.46 1.52 13.00 
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TABLE 3 
PERTINENT PARAMETERS Of BENDING TEST SPECIMENS 
(Continued) 
Beam (w/t) 1 . 
Fy, in 
>?. * kips per 
ltc/ftj 
, 
specimen h/t w/t 1m in 
No. square inches inch 
(1) (2) (3) (4) (52 (6) (7) 
MB-10-1 81,35 25,.79 30.10 53.79 1.54 8.44 
MB-10-2 83.66 25.18 30.10 53.79 1.52 8.44 
MB-11-1 117.82 25.50 30.10 53.79 1.55 9.00 
HB-11-2 120.00 26.26 30.10 53.79 1.54 9,00 
MB-12-1 142.33 25.19 30.10 53.79 1.55 13.00 
MB-12-2 143.14 25.41 30.10 53.79 1.58 13.00 
MB-16-1 77.79 45.12 30.10 53.79 1.52 8.44 
MB-16-2 77.33 45,44 30.10 53.79 1.51 8.44 
MB-17-1 115.29 55.55 30.10 53.79 1.40 10.33 
MB-17-2 115.29 55.92 30.10 53.79 1.40 10.33 
MB-18-1 144.67 65~12 30.10 53.79 1.32 13.00 
MB-18-2 142.72 64.42 30,10 53.79 1.31 13.00 
MB-19-1 201.92 26.84 33.35 43.82 1.46 16.00 
MB-19-2 198.61 27.10 33.35 43.82 1.44 16.00 
MB-20-1 264.24 27.33 33.35 43.82 1.52 14.38 
MB-20-2 250.75 264!08 33.35 43.82 1.49 14.38 
H-1-1 152.88 151.50 33.35 43.82 0.95 10.00 
H-1-2 151.08 147.92 33.35 43.82 0.94 10.00 
H-2-1 150.36 305.84 33.35 43.82 0.94 10.00 
H-2-2 154.67 313.15 33.35 43.82 0.93 10.00 
H-3-1 148.60 145.82 33.35 43.82 1.24 10.00 
H-3-2 150.46 148.34 33.35 43,82 1.23 10.00 
H-4-1 151.48 308.91 33.35 43.82 1.23 10.00 
H-4-2 153.04 309.90 33.35 43.82 1.23 10.00 
H-5-1 194.99 192.29 33.35 43.82 0.92 16.00 
H-5-2 202.92 200.33 33.35 43.82 0.92 16.00 
H-6-1 244.73 242.53 33.35 43.82 0.92 14.38 
H-6-2 253.10 249.47 33.35 43.82 0.93 14.38 
H-7-1 201.16 198.40 33.35 43.82 1.59 16.00 
H-7-2 198.80 194.78 33.35 43.82 1.58 16.00 
H-8-1 253.10 251.10 33.35 43.82 1.53 14.38 
H-8-2 262.47 259.83 33.35 43.82 1.56 14.38 
*>?. equals the unsupported length in the center portion of the 
test specimen. 












































COMPARISONS OF EXPERIMENTAL 
AND THEORETICAL DATA 
(Pu)test' Theoretical Data (P u) test 
(P cr) thea' (Py)theo' in kips (P ) 
in kips in kips cr thea 
(2) (3) (4) ~5) 
5.82 5.51 
5.88 5.52 
7.12 6.16 7.04 1.156 
7.02 6.07 7.02 1.157 
6.03 3.76 6.92 1.604 
6.21 3.70 6.82 1.678 
4.59 3.80 4.77 1.208 
4.60 3.78 4.79 1.217 
4.05 4.07 5.05 0.995 
4.30 4.08 4.99 1.054 
4.39 4.12 
4.31 3.97 
7.12 5.80 7.04 1.228 
6.82 5.79 7.05 1.178 
6.67 3.80 7.36 1.755 
6.49 3.90 7.42 1.664 
4.60 4.48 
4.90 4.72 
6.60 5.39 6.82 1.224 
6.60 6.00 7.12 1.100 
6.30 4.24 7.60 1.486 
6.67 4.09 7.56 1.631 
4.40 4.28 
4.20 4.32 
5.37 4.76 6.20 1.128 
5.49 4.94 6.26 1.111 
6.55 4.55 8.02 1.440 
6.30 4.59 7.98 1.205 
4.70 1.93 5.81 2.435 
4.75 2.06 6.16 2.306 
5.90 1.94 9.37 3.041 
6.35 1.86 9.16 3.414 
4.10 2.81 4.85 1.459 
4.10 2.86 4.86 1.434 
3.83 3.11 4.60 1.232 















































COMPARlSONS OF EXPERIMENTAL 
AND THEORETICAL DATA 
(Continued) 
Beam (Pu) test' Theoretical Data (Pu)test (Pu)test 
specimen (l? cr) thea' (P y) thea' No. in kips (P cr) thea (Py) thea in kips in kips 
(1) (2) (3) (4) (5) (6) 
MB-11-1 7.32 4.71 7.46 1.687 0.981 
MB-11-2 7.80 4,47 7.42 1.884 1.051 
MB-12-1 6.30 2.80 7.30 2,188 0.863 
MB-12-2 6.28 2,91 7.22 2,227 0.870 
XB-16-1 4.95 5,38 0.920 
MB-16-2 5,30 5.36 0.989 
MB-17-1 6,91 5.52 7~68 1,363 0.900 
MB-17-2 6.38 5.57 7.70 1.253 0.829 
MB-18-1 6.58 4.14 8,32 1,736 0.791 
MB-18-2 5.99 4.38 8.62 1.516 0.695 
MB-19-1 5.10 1.61 6.87 3.168 0.742 
MB-19-2 5.27 1.72 7,09 3.064 0.743 
MB-20-1 6.60 1.49 10.92 4.430 0.604 
MB-20-2 6.65 1. 76 11.58 3.778 0.574 
H-1-1 4.75 3.56 4.89 1.334 0.971 
H-1-2 4.81 3.69 5.08 1.304 0.947 
H-2-1 4.78 3.82 5.06 1.251 0.945 
H-2-2 4.70 3.60 4.98 1.306 0.944 
H-3-1 5.03 3.61 5,93 1.393 0.848 
H-3-2 5.20 3.46 5.78 1.503 0.900 
H-4-1 4.99 3.50 5.84 1.426 0.854 
H-4-2 5.18 3,39 5.76 1,528 0,899 
H-5-1 4.03 2.52 5,04 1.599 0,800 
H-5-2 3.85 2.24 4.80 1. 719 0.802 
H-6-1 5.73 2,92 8.67 1.962 0.661 
H-6-2 5.70 2,60 8.41 2.192 0,678 
H-7-1 4.30 1.79 6.05 2.402 o. 711 
H-7-2 4.20 1.90 6.18 2.211 0.680 
H-8-1 6,27 2.06 10.42 3,044 0,602 
H-8-2 6.00 1.84 9.90 3.261 0.606 
Note: 1 kip = 4.45 kN. 
TABLE 5 
COMPARISON OF TESTED AND COMPUTED ULTIMATE 
BENDING MOMENTS 
Beam (Mu)test' (Mu)comp' (Mu)~omp' (M )" (Mu)test (Mu)test (Mu)test 
specimen u comp' in inch-kips in inch-kips in inch-kips in inch kips (Mu)comp (M ) ' (M ) " No. u comp u comp 
(1) (2) (3) (4) (5) (6) (7) (8) 
B-2-1 95.66 94.71 90.01 89.60 1.010 1.063 1.068 
B-2-2 94.31 94.24 89.17 88.68 1.001 1.058 1.063 
B-3-1 114.57 110.60 107.16 103.42 1.036 1.069 1.108 
B-3-2 117.99 110.77 105.38 102.90 1.065 1.120 1.146 
B-3-3 68.85 71.60 67.89 67.52 0.962 1.014 1.020 
B-3-4 69.00 71.94 68.02 67.62 0.959 1.014 1.020 
B-9-1 70.88 85.88 82.89 82.18 0.825 0.855 0.862 
B-9-2 75.25 85.20 82.29 81.64 0.883 0.914 0.922 
B-11-1 89.89 96.11 84.27 83.75 1.007 1.067 1.073 
B-11-2 86.10 96.35 84.52 84.02 0.964 1.019 1.024 
B-12-1 112.82 119.92 108.27 105.10 0.941 1.042 1.073 
B-12-2 109.78 123.15 112.09 109.29 0.891 0.979 1.005 
B-14-1 100.65 98.01 96.17 96.85 1.027 1.047 1.039 
B-14-2 100.65 103.90 101.87 102.68 0.969 0.988 0.980 
B-15-1 122.85 127.35 126.45 129.46 0.965 0.972 0.971 
B-15-2 130.07 126.14 124.88 124.76 1.031 1.042 1.043 
B-17-1 95.77 97.59 102.82 104.60 0.981 0.931 0.916 
B-17-2 97.91 98.45 103.44 105.11 0.995 0.947 0.931 
B-18-1 127.73 129.17 134.60 135.82 0.989 0.949 0.940 
B-18-2 122.85 128.86 134.49 135.59 0.953 0.913 0.906 
B-19-1 112.80 115.50 110.04 102.28 0.977 1.025 1.103 
B-19-2 114.00 118.96 116.86 108.67 0.958 0.976 1.049 
B-20-1 127.22 134.77 137.34 118.97 0.944 0.926 1.069 
B-20-2 136.92 130.88 133.39 115.16 1.046 1.026 1.189 




COMPARISON OF TESTED AND COMPUTED ULTIMATE 
BENDING MOMENTS 
(Continued) 
Beam (M ) (1·~) comp' (H ) ' (M ) " (~)test (Hu)test (Hu)test 
specimen u test' u comp' .l u comp' in inch-kips in inch-kips in inch-kips in inch-kips (M ) (M )' (M )'' No. u comp u comp u comp 
(1) (2) (3) (4) (5) (6) (7) (8) 
MB-3-2 69.70 72.43 73.41 77,77 0.962 0.949 0.896 
MB-9-1 74.69 71.97 80.34 85.13 1.038 0.930 0.877 
MB-9-2 75.86 70.51 77.37 82.02 1.076 0.980 0.925 
MB-11-1 98.82 89.56 88.82 94.15 1.103 1.113 1.050 
MB-11-2 105.30 87.78 87.76 93.05 1.200 1.200 1.132 
MB-12-1 122.85 117.41 116.55 123.44 1.046 1.054 0.995 
M;B-12-2 122.46 116.7 5 114.92 121.76 1.049 1.066 1.006 
M,B-17-1 107.11 96.58 106.04 112.40 1.109 1.010 0.953 
MB-17-2 98.89 96.24 109.09 112.44 1.028 0.932 0.879 
MB-18-1 128.31 125.40 131.50 139.22 1.023 0.976 0.922 
MB-18-2 116.81 125.90 137.17 145.30 0.928 0.852 0.804 
MB-19-1 122.40 107.73 117.30 124.03 1.136 1.043 0.987 
MB-19-2 126.48 111.69 122.33 129.44 1.132 1.034 0.977 
MB-20-1 142.31 128.89 132.22 139.45 1.104 1.076 1.020 
MB-20-2 143.39 141.54 148.25 156.30 1.013 0.967 0.917 
H-1-1 71.25 62.58 66.61 64.42 1.139 1.071 1.106 
H-1-2 72.15 63.97 69.23 67.24 1.128 1.042 1.073 
H-2-1 71.70 68.17 68.64 67,21 1.052 1.045 1.067 
H-2-2 70.50 64.39 66.91 65.31 1.095 1.054 1.079 
H-3-1 75.45 68.43 74.67 79.08 1.103 1.010 0.954 
H-3-2 78.00 68.41 72.45 76.78 1.140 1.077 1.016 
H-4-1 74.85 68.15 72.97 77.30 1.098 1.026 0.968 
H-4-2 77.70 66.63 71.55 75.80 1.166 1.086 1.025 
H-5-1 96.72 96.76 101.01 93.12 1.000 0.958 1.039 VJ 
H-5-2 92.40 90.26 94.58 86.32 1.024 0.977 1.070 1..0 
TABLE 5 
COMPARISON OF TESTED AND COMPUTED ULTIMATE 
BENDING MOMENTS 
(Continued) 
Beam (~)test' (~) comp' (~) ~omp' (M ) II (~)test 
specimen u comp' 
No. in inch-kips in inch-kips in inch-kips in inch-kips (Mu)c.omp 
(1) (2) (3) (4) (5) (6) 
H-6-1 123.55 135.13 138.88 120.02 0.914 
H-6-2 122.91 127.54 131.23 112.40 0.964 
H-7-1 103.20 96.08 103.61 109.56 1.074 
H-7-2 100.80 99.59 106.60 112.7 2 1.012 
H-8-1 135.20 130,84 132.18 139.35 1.033 
H-8-2 129.38 123.62 120.78 127.28 1.047 
Mean 1.023 Standard 0.0754 Deviation 
Note: 1 in.-kip = 113 N-m. 
(~)test (~~)test 










WEB STRENGTH 0~ COLP~fORMED STEEL 
BEAMS WITH UNSTIFFENED FLANGES 
By Roger A~ LaBoube and We!~Wen Yu 
ABSTRACT 
41 
The structural behavior of cold-formed steel beam webs for members 
having unstiffened compression flanges has been investigated experi-
mentally. Based on the test results, formulas were derived and are 
presented for evaluating the ultimate moment capacity of cold-formed 
steel beams. These formulas reflect the influence of the postbuckling 
strength of web elements in bending and the interaction between beam 
web and flange on the bending strength. 
KEYWORDS: beams (supports); webs; moments; cold~rolled steel; 
plates (structural members); stability; structural engineering; tests; 
buckling 
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WEB STRENGTH OF COLD-FORMED STEEL 
BEAMS WITH UNSTIFFENED FLANGES 
1 2 By Roger A. LaBoube, A.M. ASCE, and Wei-Wen Yu, M. ASCE 
INTRODUCTION 
Since the early 1940's, thin-walled, cold-formed steel structural 
members have gained increasing use in the construction industry. This 
is because this type of member can provide an economical design for 
relatively light loads or short spans. In addition, unusual 
sectional configurations can be easily produced by the cold-forming 
process which may result in a large strength-to-weight ratio. 
With the increasing use of cold-formed steel for primary 
structural members and the advent of higher strength steel, refinement 
of certain design provisions (4) may be necessary for some unusual 
shapes. To obtain the needed background information necessary for 
developing additional design criteria, a research project entitled 
"Webs for Cold-Formed Steel Flexural Members" has been conducted 
at the University of Missouri-Rolla (UMR) under the sponsorship of 
the American Iron and Steel Institute (AISI). This project has 
involved the study of web elements subjected to bending for beams 
having either stiffened or unstiffened compression flanges (1-3). 
1Assistant Professor of Civil Engineering, Iowa State University, Ames, 
Iowa; formerly, Research Assistant, University of Missouri-Rolla, 
Rolla, Missouri. 
2 Professor of Civil Engineering, University of Missouri~Rolla, Rolla, 
Missouri. 
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Based on the results of this study, formulas have been developed for 
evaluating the postbuckling strength of web elements in bending, 
and for calculating the reduction in moment resistance due to large 
h/t ratios. This paper discusses the test program and the development 
of these formulas for beam members having unstiffened compression 
flanges. 
EXPERIMENTAL INVESTIGATION 
The objectives of this experimental study have been to determine 
the ultimate capacity of web elements subjected to bending stress and 
to develop formulas for predicting the bending capacity of beam members. 
A total of 16 beam specimens with unstiffened compression flanges 
were tested under pure bending, The specimens consisted of 13 built-up 
beam members fabricated from channels as shown in Fig. 1. Three 
beam members were modified by adding two steel sheets to the tension 
flange (Fig. 2). Fabrication details are given in Refs. 1-3. The 
cross-section dimensions and pertinent parameters ~or all specimens 
are given in Tables 1 and 2, respectively. 
Each specimen was tested as a simply supported beam under two 
concentrated loads. A detailed description of the test procedure is 
presented in Refs. 1-3, All of the beams were tested to failure and 
these failure loads, (P ) , are given in Table 3. 
u test 
EVALUATION OF TEST RESULTS 
The test data was analyzed to determine the postbuckling strength 
of cold-formed steel web elements and the reduction in bending capacity 
due to large web slenderness ratios. 
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Postbuckling Strength.--To evaluate the postbuckling strength 
of cold-formed steel web elements subjected to bending, a study of 
the (Pu)t t/(P )th ratio was performed ((P ) and (P ) being 
es cr eo u test cr thea 
the tested ultimate load and theoretical web buckling load, respective-
ly). The value of (Pu)test/(Pcr)theo is listed in Table 3 for each 
test specimen. 
It was found that the postbuckling strength of web elements 
subjected to bending varies with respect to three significant 
parameters: the h/t ratio of the web (h being the clear distance 
between the flanges measured along the plane of the web and t the 
thickness of the base steel); the bending stress ratio in the web, 
fc/ft (fc and ft being the maximum compressive and tensile bending 
stress in the web, respectively); and the yield point of the steel, 
F , in ksi. y 
Unlike beams with stiffened flanges (2,3), the postbuckling 
strength of webs for beam members having unstiffened flanges is 
constant with respect to the w/t ratio of the compression flange as 
depicted in Fig. 3 (w being the flat width of the compression flange 
excluding fillets). 
Because the studies for beam members having both stiffened and 
unstiffened flanges cover the same range of numerical values for 
the parameters h/t, f /f , and F , it would be convenient to use the 
c t y 
same postbuckling terms, a1 , a 2 , and a4 given by Eq. 1, for both cases. 
Consequently, the postbuckling strength of beam webs for members 
having unstiffened compression flanges is determined by the following 
expression: 
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<P = al a2a3a4 (1) 
in which <P ;::; post buckling strength factor = (P ) I (P ) 
u test cr thea 
al = 0.017 (h/t) - 0. 790 (la) 
a2 == 0.462 jfc/ftj + 0.538 (lb) 
a3 = 0.8125 (lc) 
a4 = 0.561 (F /33) + 0.10 (ld) y 
A comparison of the tested and computed postbuckling strength 
factors is depicted by Fig. 4, which indicates good agreement between 
tested and computed values. 
The moment capacities of the beam specimens used in the test 
program, (M ) , were determined by the following two e~uations 
u camp 
whichever is smaller. 
M (governed by web element) = <T?M = <Ps f 
u cr x cr 
M (governed by flange) = S'F 
U X y 
In the above two equations, S is the section modulus based on the 
X 
critical buckling stress, f and S' is the section modulus determined 
cr' x 
by the yield point F • y 
The critical buckling stress is computed as follows: 
f 
cr 
rn klf2E = ___:, __ _
12(1-]12) 
in which k = buckling coefficient for a web element subjected to 
bending= 4+2(l+S) 3+2(l+S), S = jf /f l, E;::; modulus of elasticity, 
t c 
11 = Poisson's ratio, n = E /E, and E = tangent modulus. 
t t 
The accuracy of this method is demonstrated by the ratios of 
(M ) /(M ) given in Table 4 which vary from 0.856 to 1.047 
u test u camp 
and have a mean value of 0.983. 
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Reduction in Moment Resistance.--In regions having large bending 
moments, a portion of a thin web may deflect laterally on the 
compression side of the neutral axis and therefore, will not provide 
the full bending resistance. The compression stress which the web 
would have resisted is, therefore, shifted to the compression flange. 
This behavior results in the reduction of the flange capacity. 
The reduction in moment capacity resulting from the redistribution 
of stress, as discussed above, is indicated by the (Pu) /(P ) h test y t eo 
ratio given in Table 3 ((P ) h being the computed load at which the y t eo 
extreme fibers of the section reach Fy). 
Based on the results obtained from the test program, Eq. 2 was 
derived to provide an expression for the reduction factor on bending 
capacity for cold-formed members having large h/t ratios. 
(2) 
Figure 5 represents a plot of (Pu)test/(Py)theo versus (h/t)IFY/k 
from which Eq. 2 was developed. 
By using Eq. 2, the moment capacities of the beam specimens 
based on this method, (M ) , were evaluated by the following 
u camp 
formula: 
(M) AM = A(S'F ) 
u camp = y x y 
The values of the (M )t t/(M ) ratios are given in Table 5. 
u es u comp 
They vary from 0.923 to 1.092 and have a mean value of 1.002. 
Although Eq. 5 can be used to provide a good estimation of the 
reduced bending capacity for beam members with large h/t ratios, 
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the quantity A may be difficult to determine because of the difficulty 
in evaluating the buckling coefficient k. Thus the following 
simplified formula for calculating the reduction factor ~n bending 
capacity was developed. 
A' = 1.303- 5.47 (l0-4)(h) ~~ < 1.0 
t y - (3) 
Figure 6 presents a plot of (P ) /(P ) versus (h/t);p-
u test y thea y 
which provides the basis for the simplified expression. 
By using Eq. 3, the moment capacity of each test specimen was 
computed as (M) = A'(S'F) and is compared with the tested 
u comp x y 
moment capacity. From Table 6, the ratios of (M )t t/(M ) u es u camp 
range from 0.862 to 1.112 with an average value of 1.001. 
SUMMARY 
An investigation was conducted to study the structural behavior 
of cold-formed steel beam webs subjected to a pure bending stress. 
The intention was to develop additional information for use by the 
practicing engineer. 
Formulas are presented for computing the postbuckling strength 
of cold-formed steel web elements in bending, and for reducing 
48 
the bending capacity of beams with large h/t ratios. These formulas 
are utilized to evaluate the ultimate bending capacity of cold-formed 
steel beams having unstiffened compression flanges. 
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APPENDIX !!.-~NOTATIONS 
The following symbols are used in this paper: 
E =modulus of elasticity, in kips per square inch; 
Et = tangent modulus, in kips per square inch; 
Fy = yield point, in kips per square inch; 
50 
fc = maximum compressive bending stress in the web, in kips per 
square inch; 
f = critical buckling stress, in kips per square inch; cr 
ft maximum tensile bending stress in the web, in kips per 
square inch; 
h = clear distance between flanges measured along the plane 
of web, in inches; 
k = buckling coefficient for a web element in bending; 
M = bending moment computed on the basis of critical buckling 
cr 
of web element, in in.-kips; 
(Mu)comp = computed ultimate bending moment based on ~, in inch-kips; 
(~)~amp = computed ultimate bending moment based on A, in inch-kips; 
(~)" = computed ultimate bending moment based on A' in inch-kips; 
' camp 
(~)test = tested ultimate bending moment, in inch-kips; 
(P ) = critical buckling load, in kips; cr thea 
(P ) = failure load, in kips; 
u test 
(P y)theo = yield load, in kips; 
f in inches 3 s = section modulus based on cr' ; X 
inches 3 s' = section modulus based on F in . y' ' X 
51 
t = thickness of base material, in inches; 
w = flat width, in inches; 
al = post buckling factor for h/t; 
a2 = post buckling factor for lfc/ftl; 
a3 = post buckling factor for (w/t)/(w/t) 1 . ; ~m 
a4 post buckling factor for F y' 
13 = 1£ /f I; t c 
A = reduction factor for bending capacity; 
A' = simplified reduction factor for bending capacity; 
<P = postbuckling strength factor; 
rn = plasticity reduction factor; and 
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DIM.ENSIONS OF BENDING TEST SPECIMENS 
Beam Cross-Section Dimensions, inches Span 
specimen in length, a, in 
No. Thick. Bl B2 B3 B4 Dl D2 BB BP tp in inches inches 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
B-U-1-1 0.0495 0.589 0.597 0.609 0.613 4.824 4.837 6 81.00 27.00 
B-U-1-2 0.0490 0.603 0.593 0.599 0.603 4.870 4.877 6 81.00 27.00 
B-U-2-1 0.0492 0.583 0.549 0.598 0.603 7.132 7.110 6 120.00 40.00 
B-U-2-2 0.0490 0.584 0.609 0.624 0.584 7.120 7.110 6 120.00 40.00 
B-U-2-3 0.0491 0.605 0.542 0.577 0.614 7.304 7.287 6 120.00 40.00 
B-U-3-1 0.0489 0.593 0.603 0.592 0.607 9.632 9.646 6 136.00 45.33 
B-U-3-2 0.0492 0.602 0.602 0.608 0.617 9.636 9.613 6 136.00 45.33 
B-U-4-1 0.0491 1.429 1.387 1.390 1.391 4.897 4.890 9 81.00 27.00 
B-U-4-2 0.0491 1.373 1.397 1.404 1.382 4.975 4.952 9 81.00 27.00 
B-U-5-1 0.0485 1.746 1.724 1.755 1. 722 7.151 7.167 9 120.00 40.00 
B-U-5-2 0.0490 1.729 1. 711 1. 708 1. 713 7.133 7.127 9 120.00 40.00 
B-U-6-1 0.0495 2.114 2.109 2.132 2.107 9.492 9.480 9 136.00 45.33 
B-U-6-2 0.0483 2.173 2.162 2.196 2.134 9.393 9.471 9 136.00 45.33 
MB-U-2-1 0.0488 0.596 0.622 0.599 0.614 7.102 7.068 6 5.038 0.038 120.00 40.00 
MB-U-5-1 0.0485 1.730 1.772 1.752 1.790 7.280 7.223 9 5.038 0.038 120.00 40.00 
MB-U-5-2 0.0485 1. 725 1.700 1. 704 1.737 7.280 7.273 9 5.038 0.038 120.00 40.00 
Notes: 1. See Figs. 1 and 2 for the symbols used for dimensions. 
2. Inside bend radius was assumed to be equal to the thickness. 
3. a = Span length/3~ 
4. Beam specimens are designated as follows: 
B u 3 1 
Beam Section Unstiffened Flange Channel No. Test No. 
MB u 3 1 \J1 \.0 
Modified Beam Section Unstiffened Flange Channel No. Test No. 
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TABLE 2 
PERTINENT PARAMETERS OF BENDING TEST SPECI~ENS 
Beam (w/t) lim 
FY' in £ * kips per 
lfc/ftl ' specimen h/t w/t in 
No. square inches inch 
(1) (2) (3) (4) (5) (6) (7) 
B-U-1-1 95,72 10.06 10.51 36.26 1.01 7.00 
B-U-1-2 97.53 10.29 10.51 36.26 1.00 5.00 
B-U-2-1 142.96 9.85 10.51 36.26 0.98 7,00 
B-U-2-2 143.31 10.43 10,51 36.26 0.98 5.00 
B-U-2-3 146.76 10.32 10.51 36.26 1.01 5.00 
B-U-3-1 195.26 10.33 10.51 36.26 1.00 5.00 
B-U-3-2 193.85 10.24 10.51 36.26 1.00 5,00 
B-U-4-1 97.74 27.10 10.51 36.26 1.09 8.00 
B-U-4-2 99.32 26,45 10.51 36.26 1.00 8.00 
B-U-5-1 145.77 34,00 10.51 36.26 1.12 8.00 
B-u-5 .... 2 143.57 33,29 10.51 36.26 1.12 8.00 
B-U..-6-1 189.76 40.71 10.51 36.26 1.12 8.00 
B-U-6-2 194.09 42,99 10.51 36.26 1.13 8.00 
MB-U-2-1 143.53 10.75 10.51 36.26 1.45 5.00 
MB-U-5-1 148.10 34.54 10.51 36.26 1.53 8.00 
MB-U-5-2 149.67 33.94 10.51 36.26 1.52 8.00 
*£ equals the unsupported length in the middle third of the 
test specimen. 
Note: 1 in.= 25.4 mm; 1 ksi = 6.9 ~{m2 . 
TABLE 3 
COMPARISONS OF EXPERil{ENTAL 
AND THEORETICAL DATA 
Beam (Pu) test' Theoretical Data (Pu)test 
specimen (P cr) thea~ (Py) thea' 
No. in kips (Pcr)theo in kips in kips 
(1) (2) (3) (4) (5) 
B-U-1-1 1,48 3,04 1~58 
B-U-1-2 1.73 2.94 1.59 
B-U-2-1 Premature Lateral Buckling Failure 
B-U-2-2 1.68 1.82 2.13 0~923 
B-U-2-3 1.92 1.83 2.24 1,049 
B-U-3-1 2.20 1.48 3,22 1,486 
B-U-3-2 2.27 1.52 3,24 1.493 
B-U.-4-1 2.39 3.89 2,30 
B-U-4-2 2.19 3.61 2.21 
B-U-5-1 2.40 2.42 2,86 0.992 
B-U-5-1 2.43 2.50 2.87 0.972 
B-U-6-1 2.97 2,23 4.19 1.332 
B-U-6-2 2.87 2.07 4.06 1.386 
MB-U-2-1 1.88 1.61 2. 63 1.167 
MB-U-5-1 2.44 1.86 3.32 1.312 
MB-U-5-2 2.37 1.81 3,32 1.309 
Note: 1 kip = 4,45 kN 
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COMPUTATION OF THE ULTIMATE MOMENT CAPACITY USING 
~ FACTOR AND COMPARISON WITH TEST RESULTS 
fer' Fy, in in S , in M =S f (M ) =~M S' in M =S 'F (~)test' (Mu)test Beam X cr x cr' u cr cr' x' y X y' 
specimen kips per cubic in in kips per cubic in in (~)~omp No. square inches inch-kips inch-kips square inches inch-kips inch-kips inch inch 
(1) (2) (3) (4) (5) (6) (7) (B) (9) (10) 
B-U-1-1 69.74 0.59 41.15 41.15 36.26 0.59 21.39 19.98 0.934 
B-U-1-2 67.09 0.59 39.58 39,58 36.26 0 .. 59 21.39 23 .. 36 1 .. 092 
B-U-2-1 31.18 1.17 36,48 36,26 1.17 42.42 
B-U-2-2 31.03 1.17 36,31 34.42 36.26 1.17 42.42 33.60 0.976 
B-U-2-3 29.59 1.24 36.69 44.87 36.26 1.24 44.96 38.40 0.856 
B-U-3-1 16.71 2.01 33.59 49,41 36,26 2.01 72.88 49.86 1.009 
B-U-3-2 16.96 2.03 34.43 50.23 36.26 2.03 73.61 51.45 1.024 
B-U-4-1 66.71 0.79 52.70 52,70 36.26 0.85 30.82 32.27 1.047 
B-U-4-2 64.67 0.75 48,50 48.50 36.26 0.82 29.73 29.57 0.995 
B-U-5-1 29.99 1.62 48.58 50.33 36.26 1.58 57.29 48.00 0.954 
B-U-5-2 30.91 1.62 50.07 50.62 36.26 1.58 57.29 48.60 0.960 
B-U-6-1 17.70 2.85 50.45 75.42 36.26 2.62 95.00 67.32 0.893 
B-U-6-2 16.92 2.77 46.87 72.46 36,26 2.54 92.10 65.05 0.898 
MB-U-2-1 22.04 1.45 31.96 37.07 36.26 1.45 52.58 37.60 1.014 
MB .... u.-5-1 19.09 1.95 37.23 46.61 36.26 1.83 66.36 48.80 1.047 
MB-U-5-2 18.69 1.93 36.07 45.63 36.26 1.83 66.35 47.40 1.039 
Mean 0.983 Standard 0.0643 Deviation 
*The value of (M ) is determined by (Mu) or M whichever is smaller. 
u comp cr y 
Note: 1 in. = 25.4 rom; 1 ksi = 6.9 MN/m2 ; 1 in.-kip = 113 N•m. Q'\ 
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TABLE 5 
COMPUTATION OF THE ULTIMATE MOMENT CAPACITY USING 
A FACTOR AND COMPARISON WITH TEST RESULTS 
Beam M , in M' =AM, (M ) (M ) 
specimen y y' u test' u test y in in (M )* No. inch-kips inch-kips inch-kips u camp 
(1) (2) (3) (4) (5) (6) 
B-U-1-1 21.39 1.000 21.39 19.98 0.934 
B-U-1-2 21.39 1.000 21.39 23.36 1.092 
B-U-2-2 42.42 0,859 36.44 33.60 0.922 
B-U-2-3 44.96 0.848 38.13 38.40 1.007 
B-U-3-1 72.88 0.696 50.72 49.86 0.983 
B-U-3-2 73.61 0. 700 51.53 51.45 0.999 
B-U-4-1 30.82 1.000 30.82 32.27 1.04 7 
B-U-4-2 29.73 0.997 29.64 29.57 0.998 
B-U-5-1 57.29 0.825 47.26 48.00 1.016 
B-U-5-2 57.29 0.832 47.67 48.60 1.020 
B-U-6-1 95,00 0,678 64.41 67.32 1.045 
B-U-6-2 92.10 0.664 61.15 65.05 1.064 
MB-U-2-1 52.58 0.775 40.75 37.60 0.923 
MB-U-5-1 66.36 0.735 48.77 48.80 1.001 
MB-U-5-2 66.35 0.729 48.37 47.40 0.980 
Mean 1.002 Standard 0.0480 Deviation 
*The value of (Mu)comp equals M'. y 




l TABLE 6 
'CO~UTATION Of THE ULTIMATE ~OMENT CAPACITY USING 
A' FACTOR AND COMPARISON WITH TEST RESULTS 
Beam X , in x;=A 'M (~)test' (Mu)test 
specimen A.' y' y in in (M )* No. inch .... kips inch-kips inch-kips u camp 
(1) (2) (3) (4) (5) (6) 
B-U-1-1 21.39 0.988 21.13 19.98 0. 945 
B-U-1-2 21.39 0.982 21.00 23.36 1.112 
B-U-2-2 42.42 0.831 35.25 33.60 0.953 
B-U-2-3 44.96 0.820 36.87 38.40 1.042 
B-U-3-1 72.88 0.660 48.10 49.86 1.037 
B-U-3-2 73.61 0,665 48.95 51.45 1.051 
B-U-4-1 30.82 0.981 30.23 32.27 1.067 
B-U-4-2 29.73 0.976 29.02 29.57 1.019 
B-U-5-1 57.29 0.823 47.15 48.00 1.018 
B-U-5-2 57.29 0.830 47.55 48.60 1.022 
B-U-6-1 95.00 0.678 64.41 67.32 1.045 
B-U-6-2 92.10 0.663 61.06 65.05 1.065 
MB-U-2-1 52.58 0.830 43.64 37.60 0.862 
MB-U-5-1 66.36 0.815 54.08 48.80 0.902 




*The value of (~)camp equals M'. y 
Note: 1 in.-kip = 113 N•m. 
EFFECTIVE WEB DEPTH OF COLD-FORMED 
STEEL BEAMS 
By Roger A. LaBoube and Wei-Wen Yu 
ABSTRACT 
65 
Two-dimensional compressed plates will not fail like the one-
dimensional members, such as columns. When the theoretical local 
buckling stress is reached, the plate can carry more load due to post-
buckling strength. The postbuckling strength of plates subjected 
to compressive stress has long been determined by the well known 
"effective width" equation. Presented in this paper is the develop-
ment of an "effective depth" equation for beam webs subjected to 
bending stress based on the findings of an extensive investigation 
conducted at the University of Missouri-Rolla. 
KEYWORDS: beams (supports); webs; moments; cold-rolled steel; 
plates (structural members); stability; structural engineering; tests; 
buckling; effective web depth 
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EFFECTIVE WEB DEPTH OF COLD-FORMED 
STEEL BEAMS 
By Roger A. LaBoube, 1 A.M. ASCE, and Wei-Wen Yu, 2 M. ASCE 
INTRODUCTION 
Local buckling of individual plate elements is a common mode of 
failure for cold-formed steel flexural members. This phenomenon 
occurs when thin elements are subjected to compressive, bending, or 
shear stresses. It is well known that two-dimensional compressed 
plates will not fail like the one-dimensional members, such as 
columns, when the theoretical local buckling stress is reached. The 
plates will continue to carry some additional loads due to the post-
buckling strength of plates. 
In cold-formed steel design, the postbuckling strength of plates 
subjected to compressive stress can easily be determined by the well 
known "effective width" equation developed by Winter (12). Swedish 
researchers have applied the concept of an "effective web depth" to 
develop design formulas for beam webs in bending which reflect the 
actual postbuckling strength (1,2,5,10). Based on the results of 
1Assistant Professor of Civil Engineering, Iowa State University, 
Ames, Iowa; formerly, Research Assistant, University of Missouri-Rolla, 
Rolla, Missouri. 
2Professor of Civil Engineering, University of Missouri-Rolla, Rolla, 
Missouri. 
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84 tests conducted at the University of Missouri-Rolla (UMR) under the 
sponsorship of the American Iron and Steel Institute (AISI), equations 
have been developed to calculate the actual postbuckling strength of 
web elements subjected to bending (7,8). 
This paper discusses additional work carried out at UMR concerning 
the development of an "effective depth" equation for web elements 
subjected to bending stress. The effective web depth equation is 
developed by first reviewing the previous research work relative to 
this topic, and then by evaluating the test results obtained from an 
extensive investigation of the structural behavior of cold-formed 
steel beam webs in bending. 
LITERATURE REVIEW 




= lr) kTI 2E 
12 (1-11 2) 
(1) 
in which k =buckling coefficient= 4+2(l+S) 3+2(l+S), S = jft/fcl' 
f = the maximum compressive bending stress in the web, ft = the 
c 
maximum tensile bending stress in the web, E = modulus of elasticity, 
11 = Poisson's ratio, h = clear distance between flanges measured along 
the plane of the web, t = thickness of material, In = IEt/E = the 
plasticity reduction factor, Et =tangent modulus (3,4,11). 
In recent years, the structural behavior of cold-formed steel 
beam webs subjected to bending stress has been studied extensively 
in Sweden (1,2,5,10). As a result, several design formulas have 
been developed by Bergfelt, Hoglund, Thomasson and others, for 
predicting the moment capacity of beam members by utilizing an 
effective web depth. 
Bergfelt's effective web depth, as depicted in Fig. 1, is given 




in which bey = effective depth of the compression portion of the web, 
Fy = yield point of the steel, t = thickness of the steel, and E 
modulus of elasticity. The buckling coefficient k was previously 
defined. 
Equation 2 was derived from the results of a test program using 
trapezoidal type steel decks (ribbed panels) with h/t ratios ranging 
from 110 to 127.4. 
With Hoglund's approach (5), the effective depth of the compression 
region of the beam web is determined by the following equations: 
and 
0.76 t J; 
y 
se2 = 1.64 t J i y 
(3) 
(4) 
The effective depths, Sel and se2, and the assumed stress distribution 
are shown in Fig. 2. This approach was developed from the findings 
of a study conducted on the load carrying capacity of thin plate 
girders. 
Thomasson (10) has developed two methods for determining the 
effective web depth of trapezoidal steel deck sections. In his first 
method, the assumed stress distribution (Fig. 3) is evaluated by 
s 
e 
0.7 y < y 
0.7 . e sine a sln 
(5) 
in which y = h/(l+S), s = ft/f ' a= IF /f , e =included angle 
c y cr 
between the slope of beam web and neutral axis. 
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The effective web depth for Thomasson's second method is shown in 
Fig. 4 and evaluated by the subsequent expressions: 
S' = 0.76 t ~ el (6) y 
S' = 1.10 t ~ e2 y (7) 
S' + S' < y 
el e2 sin e (8) 
EXPERIMENTAL INVESTIGATION 
The objectives of the experimental investigation conducted at 
UMR have been to determine the postbuckling strength of beam webs 
and to develop a general expression for predicting the capacity of beam 
members subjected to bending. 
A total of 84 beam specimens were tested under pure bending, of 
which 68 beams had stiffened compression flanges and 16 beams had 
unstiffened compression flanges. Details of the cross-section config-
urations and dimensions for all beam specimens are reported in Refs. 
7 and 8. The specimens possessed the following range of parameters: 
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1. Yield point of steel: 33.46 to 53.79 ksi 
2 . h/t ratio of web : 75.03 to 267.57 
3. w/t ratio of stiffened flange: 24.65 to 313.15 
4. w/t ratio of unstiffened flange: 9.85 to 42.99 
5 . fc/ft ratio in web : 0 . 92 to 1.67 
In the above parameters , w is the flat width of the compression 
flange , other symbols were previoused defined. 
Each specimen was tested as a simply supported beam subjected 
to two concentrated loads (6- 8) . 
·EVALUATION OF TEST RESULTS 
The results of the 84 beam tests have been carefully reviewed 
and evaluated. The effective web depth, y , (Fig. 9) was determined 
e 
from the measured maximum compressive and tensile stresses along the 
outer fibers , and the l ocation of the neutral axis established from 
strain gage readings. With this information, the corresponding 
value of y was computed by satisfying internal equilibrium in the 
e 
cross-section. 
From the Swedish work, it appears that y is a function of E, k , 
e 
h, t, and f' (f' being the maximum compressive stress at failure) . 
The relationships between these parameters are discussed for both 
stiffened and unstiffened compr ession flanges. 
Stiffened Compression Flange. - -For the 68 specimens having 
stiffened compression flanges , the relationship of the pertinent 
parameters is repr esented by the plot of (ye/t)lf ' /(kE) and 
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(h/t)lf'/(kE) given in Fig. 5. Although considerable scattering of the 
test results is indicated in Fig. 5, (y /t)lf'/(kE) does not seem to 
e 
be significantly affected by (h/t)/f'/(kE). Apparently, the large 
scattering is due to the extreme sensitivity of this method to minor 
deviations of strain gage readings. From a regression analysis of 
the test data, the following equations were developed: 
Y = 0.358 t e 
~~ 
\1~ 
In the above equation, the maximum compressive stress, f', is 
given by 
f' = S'F < F y - y 
in which S' = the stress reduction factor Y1Y2 
-2 I y 2 = 1.074-7.35(10 )(w/t)/(w t)lim' 
when (w/t)/(w/t)lim > 1.0 








. = 171/lf, according to Section 2.3.1.1 of the AISI 
liD 
Specification (9). 
Equations 12 and 13 were derived from strain gage readings which 
were taken immediately prior to failure. Figure 6 shows the relation-
ship between f'/y
2
Fy and (h/t)~ while Fig. 7 indicates the relation-
h . b f'/y F d (w/t)/(w/t) As depicted in Fig. 8, s 1p etween 1 y an lim" 
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good correlation is obtained between the tested and computed stress 
reduction factor. 
The stress reduction factor and effective web depth were computed 
by using Eqs. 11 and 9 for all 68 test specimens. These values are 
listed in Table 1. Also given in Table 1 are the computed and tested 
ultimate bending moments. The former was calculated by using Eq. 9 
in conjunction with the assumed stress distribution given in Fig. 9. 
A sample calculation is given in Ref. 8. From Table 1, the ratios of 
(M )t t/(M ) , which indicate the accuracy of the effective web u es u camp 
depth approach presented herein, vary from 0.864 to 1.195 with a mean 
value of 1.012. 
Unstiffened Compression Flange.--Figure 10 depicts the relation-
ship between (y /t)lf'/(kE) and (h/t)ff'/kE for the 16 specimens having 
e 
unstiffened compression flanges (Fig. 14). It can be seen that 
(y /t)ff'/(kE) does not appear to be significantly affected by 
e 
(h/t)ff'/(kE). Similar to the study of beam webs having stiffened 
flanges, the large scattering of the test results is apparently due 
to the extreme sensitivity of this method to minor deviations of 
strain gage readings. Based on a regression analysis, the following 
equations were developed:* 
= 0.310 t ~ (14) 
in which the maximum compressive stress, f', is given by 
f' = S'F < F y y (15) 
*Equation 14 represents a horizontal line indicated in Fig. 10. It 
was based on a similar approach used by Lind, Ravindra and Schorn in 
Ref. 13. 
where B' the stress reduction factor = 
yl = 0.801 
y2 = l.024-2.4(10-
2)(w/t)/(w/t) 1im' 
when (w/t)/(w/t) 1 . > 1.0 liD 




where (w/t) 1 . = 63.3/;p-, according to Section 3.2 of the AISI liD y 
Specification (9). 
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Equations 17 and 18 were derived from strain gage readings which 
were taken immediately prior to failure. Figure 11 shows the relation-
ship between f'/y2FY and (h/t)~ while Fig. 12 indicates the relation-
ship between f'/y1Fy and (w/t)/(w/t)lim" As depicted in Fig. 13, good 
correlation is obtained between the tested and computed stress 
reduction factor. 
The stress reduction factor and effective web depth were computed 
by using Eqs. 16 and 14 for all 16 test specimens. These values are 
listed in Table 2. Also given in this table are the computed and tested 
ultimate bending moments. The former was calculated by using Eq. 14 
in conjunction with the assumed stress distribution given in Fig. 14. 
From Table 2, the ratios of (M ) /(M ) , which indicates the 
u test u camp 
accuracy of the effective web depth approach presented herein, vary 
from 0.994 to 1.123 and have a mean value of 1.062. 
SUMMARY 
The objectives of this investigation have been to study the 
structural behavior of cold-formed steel beam webs subjected to 
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pure bending and to develop expressions for evaluating the ultimate 
capacity of web elements. For the range of cross-section parameters 
covered in this study, the ultimate bending capacity of web elements 
can be adequately determined by an ''effective web depth" equation 
when used in conjunction with the assumed bending stress distribution. 
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APPENDIX !I.--NOTATIONS 
The following symbols are used in this paper: 
b Bergfelt's effective web depth, in inches; 
ey 
E modulus of elasticity (29,500 kips per square inch); 
Et tangent modulus, in kips per square inch; 
F = yield point, in kips per square inch; y 
f actual stress in compression flange, in kips per square 
inch; 
77 
f' maximum compressive stress in web, in kips per square inch; 
f maximum compressive bending stress in web, in kips per 
c 
square inch; 
f = critical buckling stress, in kips per square inch; 
cr 
ft = maximum tensile bending stress in web, in kips per square 
inch; 
h = clear distance between flanges measured along plane of 
web, in inches; 
k = buckling coefficient for a web element subjected to bending; 
(M ) = computed ultimate bending moment, in inch-kips; 
u comp 
(M ) = tested ultimate bending moment, in inch-kips; 
u test 
s Thomasson's effective web depth 
e 
(Method I), in inches; 
s 
el' s = Hoglund's effective web depth, in inches; e2 
s~l' s' = Thomasson's effective web depth e2 (Method II), in inches; 
t = thickness of base steel, in inches; 
w = flat width of compression flange, in inches; 
y = h/(1+8), in inches; 
78 
y = UMR effective web depth, in inches; 
e 
a = IF /f ; y cr 
s = lft/fcl; 
S' = stress reduction factor; 
yl = stress reduction factor based on (h/t)iF; y 
Yz = stress reduction factor based on (w/t)/(w/t) 1 . ; ~m 
8 = included angle between slope and neutral axis; 
v'n= plasticity reduction factor; and 
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COMPUTATION OF THE ULTIMATE MOMENT CAPACITY USING 
EFFECTIVE WEB DEfTH AND CO~ARISON WITH TEST RESULTS 
FOR BEAM SfEClMENS HAVlNG STIFFENED FLANGES 
Beam in (Mu) comp' (~)test' (~)test 
specimen ~' Ye' :i,n in (Mu)comp No. inches inch .... kips inch-kips 
(1) (2) (3) (4) (5) (6) 
B .... 2-1 0.903 2.286 87.09 95.66 1.098 
B-2-2 0.900 2.257 86.20 94.31 1.094 
B-3-1 0.882 2,258 104.52 114.57 1.096 
B-3-2 0.878 2,229 102.37 117.99 1.153 
B-3-3 0.912 2.508 66.55 68.85 1.034 
B-3-4 0.911 2.517 67.14 69.00 1.028 
B-9.-1 0.830 2.411 74.82 70.88 0,947 
B-9-2 0.831 2.418 74.64 75.25 1.008 
B-11-1 0.922 2.154 85.86 89.89 1.047 
B-11-2 0.923 2.160 85.85 86.10 1.003 
B-12-1 0.897 2,141 110.43 112.82 1.022 
B-12-2 0.905 2.215 115.70 109.78 0.949 
B-14-1 0.856 2.053 90,82 100.65 1.108 
B-14 .... 2 0.866 2.129 96.32 100.65 1.045 
B-15-1 0.800 2.050 117.81 122.85 1.043 
B .... 1s-2 0.796 2.030 116.20 130.07 1.119 
B-17-1 0.835 2,089 94.80 95.77 1.010 
B-17-2 0.835 2.088 95.61 97.91 1.024 
B-18-1 0.788 2.100 123.47 127.73 1.034 
B-18-2 0.790 2.109 123.30 122.85 0.996 
B-19-1 0,872 2,275 123.42 112.80 0.913 
B-19-2 0.860 2.165 113.37 114.00 1.006 
B-20-1 0.813 2.148 142 0 82 127.22 0.891 
B-20-2 0.811 2.114 138.43 136.92 0.989 
MB-3-1 0.911 2.152 69.36 69.70 1.005 
MB-3-2 0.911 2.134 68.85 69.70 1.012 
MB-9-1 0.838 2.231 72.68 74.69 1.028 
MB-9-2 0.835 2.149 71.63 75.86 1.059 
MB-11-1 0.924 1.898 90.82 98.82 1.088 
MB-11-2 0.920 1.863 88.12 105.30 1.195 
MB-12-1 0.903 1.911 117.95 122.85 1.042 
MB-12-2 0.902 1.881 115.55 122.46 1.060 
MB-17-1 0.838 1.981 99.00 107.11 1.082 
MB-17-2 0.837 1.981 98.95 98.89 0.999 
MB-18-1 0.787 1.982 124.15 128.31 1.034 
MB-18-2 0.790 2.013 127.91 116.81 0.913 
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TABLE 1 
CO~UTATION OF THE ULTIMATE XOMENT CAPACITY USING 
E~FECTIVE WEB DEPTH AND COMWARISON WITH TEST RESULTS 
FOR B~ SPECIXENS HAVING STIFFENED FLANGES 
(Continued) 
Beam in (Mu) camp' (M:u) test' (~)test 
specimen B' Ye' :Ln in (~)camp No. i,nches inch-kips inch .... kips 
(1) (2) (3) (4) (5) (6) 
MB-19-1 0.868 1.823 122.27 122.40 1.001 
MB-19-2 0.871 1.872 127.64 126.48 0.991 
MB-20-1 0.815 1.737 144.25 142.31 0.987 
MB-20-2 0.829 1.839 158.37 143.39 0.905 
H-1-1 1.000 2.109 69.76 71.25 1.021 
H-1-2 1.000 2.164 72.74 72.15 0.992 
H-2~1 1.000 2.151 72.92 71.70 0.983 
H-2-2 1.000 2.103 70.98 70.50 0.993 
H-3-1 1.000 1.843 78.41 75.45 0.962 
H-3-2 1.000 1.815 76.39 78.00 1.021 
H-4-1 1.000 1.797 77.03 74.85 0.972 
H-4..:..2 1.000 1.766 75.21 77.70 1.033 
H-5-1 1.000 2.067 105 .. 04 96.72 0.921 
H-5-2 1.000 1.972 98.25 92.40 0.940 
H-6-1 1.000 1.955 142.96 123.55 0.864 
H-6-2 1.000 1.881 135.47 122~91 0.907 
H-7-1 1.000 1,535 101.42 103.20 1.018 
H-7-2 1.000 1.567 104.94 100.80 0.961 
H-8-1 1.000 1.512 135.65 135.20 0.997 
H-8-2 1.000 1.437 124.35 129.38 1.040 
Mean 1.012 Standard 0.0639 Deviation 
Note: 1 in. = 25.4 mm; 1 in.-kip = 113 N·m. 
TABLE 2 
CO~UTATION OF THE ULTIMATE MOMENT CAPACITY USING 
EFFECTIVE WEB DEPTH AND COMPARISON WITH TEST RESULTS 
FOR BEAM SPECIMENS HAVING UNSTIFFENED FLANGES 
Beam in (Mu)comp' (~)test' (Mu)test 
specimen 13' ye, in in (M ) No. inches inch-kips inch-kips u comp 
(1) (2) (3) (4) (5) (6) 
B-U-2-2 0.801 2.331 33.39 33.60 1.006 
B-U-2-3 0.801 2~321 34.29 38.40 1.120 
B-U-3-1 0.801 2.189 50.16 49.86 0.994 
B .... u-3-2 0.801 2,203 50.64 51.45 1.016 
B-U-5-1 0.758 2.198 42.85 48.00 1.120 
B-U-5-2 0.759 2.232 43.28 48.60 1.123 
B-U-6-1 0.745 2.137 63.49 67.32 1.060 
B-U-6-2 0.741 2.073 60.42 65.05 1.077 
MB-U-2-1 0.801 1.850 36.11 37.60 1.041 
XB-U-5-1 0.757 1.865 45.09 48.80 1.082 
MB-U-5-2 0. 759 1.867 45.21 47.40 1.048 
Mean 1.050 Standard 0.0526 Deviation 
Note: 1 in. = 25.4 mm; 1 in.-kip = 113 N•m. 
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COLD-FORMED STEEL BEAM WEBS 
SUBJECTED PRIMARILY TO SHEAR 
By Roger A. LaBoube and Wei-Wen Yu 
ABSTRACT 
95 
A considerable amount of research has been conducted to determine 
the structural behavior of web elements subjected primarily to shear. 
However, the majority of the work reported in the literature deals 
with beam webs of hot-rolled shapes and welded plate girders. To 
determine the shear strength of cold-formed steel web elements, an 
extensive experimental investigation has been conducted at the 
University of Missouri-Rolla. Presented in this paper are comparisons 
between the tested and theoretical failure stresses, along with 
the findings of a study of the influence of connection configurations 
on the capacity of beam webs subjected to shear. 
KEYWORDS: beams (supports); webs, shear strength; cold-rolled steel; 
shear tests; stability; structural engineering; buckling 
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COLD-FORMED STEEL BEAM WEBS 
SUBJECTED PRIMARILY TO SHEAR 
By Roger A. LaBoube, 1 A.M. ASCE, and Wei-Wen Yu, 2 M. ASCE 
INTRODUCTION 
A considerable amount of research, both experimental and anlayti-
cal, has been conducted to determine the structural behavior of web 
elements subjected primarily to shear (1,2,3,6,7,9). However, the 
majority of the work reported in the literature deals with beam webs 
of hot-rolled shapes and welded plate girders. 
To determine the shear strength of cold-formed steel web elements, 
an extensive experimental investigation has been conducted at the 
University of Missouri-Rolla (UMR), under the sponsorship of the 
American Iron and Steel Institute (AISI). The findings of this study 
will serve as the basis for possible refinement of the current AISI 
Specification (8) governing the design of cold-formed steel structural 
members. 
This project has involved the study of web elements subjected to 
bending, shear, web crippling, and combinations thereof. The findings 
1Assistant Professor of Civil Engineering, Iowa State University, 
Ames, Iowa; formerly, Research Assistant, University of Missouri-Rolla, 
Rolla, Missouri. 
2Professor of Civil Engineering, University of Missouri-Rolla, Rolla, 
Missouri. 
on the structural behavior of beam webs subjected to bending were 
reported elsewhere (5). Studies of web crippling and combined 
97 
web crippling and bending are being carried at the University of 
Missouri-Rolla. This paper concerns itself with the investigation of 
beam webs subjected primarily to shear. Comparisons between the 
tested and theoretical failure stresses are presented along with the 
influence of connection arrangements on the shear capacity of beam 
webs. 
EXPERIMENTAL INVESTIGATION 
The shear strength of cold-formed steel web elements was studied 
with due consideration given to the slenderness ratio of the web, 
the edge support conditions provided by varying the flat width to 
thickness ratios of the flange, the aspect ratio of the web element, 
and the mechanical properties of the steel. 
A total of 43 beam specimens were tested in this study. These 
specimens consisted of 33 built-up beam members (Fig. 1) and 10 
modified beam members (Fig. 2). The beam specimens consisted of two 
channel sections connected by 3/4 x 3/4 x 1/8-in. (19.05 x 19.05 x 
3.23 mm) angles at the compression flange and by 1/8 x 3/4-in. 
(3.23 x 19.05 mm) rectangular bars at the tension flange. Self-
tapping screws were used for connectors. The intervals between braces 
were such that lateral buckling of each individual channel section 
was prevented. Complete fabrication details are given in Refs. 4 and 
5. The cross-section dimensions and pertinent parameters for all 
specimens are given in Tables 1 and 2, respectively. 
98 
During the shear tests, instead of us1·ng · 1 b convent1ona earing 
plates, the loads and reactions were introduced directly into the 
beam webs to prevent a bearing failure. This was done by using the 
loading assembly shown in Figs. 3 and 4. By using this assembly, the 
loads and reactions were applied through bearing plates to hot-rolled 
channels, which transferred the loads and reactions to the beam webs 
by 1/2-in. (12.7 mm) diameter threaded rods. Spacers, 1/2-in. 
(12.7 mm) long, were used to avoid direct contact between the hot-
rolled channels and the test specimen. 
Each specimen was tested as a simply supported beam subjected 
to concentrated loading. The test setups are shown in Figs. 5, 6, and 
7. The shear and moment diagrams for the three test setups are given 
in Fig. 8. A detailed description of the test procedure is presented 
in Ref. 4. All beam specimens were tested to failure and their 
failure loads, P , are given in Table 3. 
u 
EVALUATION OF TEST RESULTS 
The results of the 43 tests were carefully analyzed and evaluated. 
The findings are discussed in the following two topics: comparison 
between the tested and theoretical failure stresses and failure modes 
based on various connection patterns. 
Comparison between the Tested and Theoretical Failure Stresses.--
Theoretically, the shear capacity of an unreinforced web element is 
governed by the critical buckling stress or yield stress, whichever 
is smaller. 
The shear yield stress as given by the Von Mises yield theory is, 
T y 
F 
_:t_ = 0. 58 F 13 y 
in which F = the tensile yield point of the steel. y 
(1) 
For shear buckling, the critical stresses are represented by 
Eqs. 2 and 3 for elastic and inelastic behavior, respectively (1): 
(2) 
T = /r T 
crl pr erE (3) 
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in which T = proportional limit in shear, E =modulus of elasticity, pr 
~ = Poisson's ratio, h = clear distance between the flanges measured 
along the depth of the web, t = thickness of base steel, and k, the 
buckling coefficient, which is given by Eq. 4. 
k = 4 0 + 5.34 when a < 1.0 
• 2 ' 
a 
= 5.34 + 4 ·~, when a > 1.0 (4) 
a 
in which a = the aspect ratio of the web element, a/h (a being the 
length of the web element). The theoretical stresses, T and T , for y cr 
each test specimen are listed in Table 3. The value of T equals cr 
T or T I' whichever is smaller. In the computation of T I' a 
erE cr cr 
tested value of T = 0.69 T was used for specimens S-8 and S-9. pr y 
For the remaining specimens, T T • pr y 
Also presented in Table 3 and depicted by Fig. 9 are the stresses 
corresponding to the shear failure load, P , which were evaluated by 
u 
using the exact method given by beam theory and the average stress 
approach. 
fail For the exact method, the failure stress, t was computed 
exact' 
by the following expression: 
fail _ YQ_ 
Texact - Ib (5) 
in which Q = statical moment of that portion of the section lying 
above or below the line on which the shear stress is desired, taken 
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about the neutral axis, I = moment of inertia of the full area of the 
section about the neutral axis, b = width of the section where the 
shear stress is desired, and V = external shear at section in question. 
fail . The average shear stress at failure, T , was determ1.ned by, 
avg 





in which A = cross-sectional area of the beam webs. 
w 
(6) 
fail/ Table 3 also contains numerical values for the ratios T 1 
avg thea 
and fail I T T , , 
exact tneo In the preceding expressions, Ttheo is the lower 
value of T and T y cr h 
Tfail/T • f 0 958 2 031 T e ~ .. rat1.os vary rom . to • , 
avg thea 
fail 
whereas the T /T ratios range from 1.048 to 2.128 for the test 
exact thea 
specimens that failed by shear. The large numerical values for these 
ratios indicate the reserve strength after either shear yielding or 
shear buckling. For the specimens used in this study, the large 
ratios are apparently due to the tension field action caused by the 
loading system. 
Based on test results, the average shear stress method underesti-
mates the maximum shear stress computed on the basis of the exact 
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method by as much as 25 percent, This is indicated by the values for 
fail I fail ~ T contained in Table 3. 
exact ·avg 
Failure Modes,--Typical failure modes for web buckling due to 
shear are shown in Figs. 10 and 11. Although the failure patterns 
indicate definite shear buckles, it was believed that for specimen 
Nos. S-2-1, S-2-2, S-3-1, S-3-2, S-8-1, and S-8-2 premature failure may 
have occurred as the result of insufficient bending capacity. In 
order to determine the maximum shear capacity of these specimens, 
six additional tests (Nos. MS-2-1, XS-2-2, MS-3-1, MS-3-2, MS-8-1 and 
MS-8-2) were performed with cover plates added to both the tension and 
compression flanges. From the results of these six tests (Table 3), 
it can be seen that the addition of the cover plates, which increased 
the moment capacity, had little or no effect on the shear failure load. 
To investigate the possibility of a warping or buckling restraint 
due to the symmetry of the test setup in Fig. 5, two tests (Nos. S-9-5 
and S-9-6) were conducted by using a modified test setup (Fig. 6). 
A comparison of P for these two specimens with P for specimen Nos. 
u u 
S-9-1 and S-9-2 indicates that little or no restraining effect occurred 
because of the use of test setup~A. 
Tests were also conducted to determine the influence of various 
connection arrangements on the capacity of beam webs subjected to shear. 
Three different connection details were studied as shown in Fig. 12. 
Types A and B were used for specimens No. S-9-1 and S-9-4, respectively. 
Similar shear capacities were observed for both tests. Specimen Nos. 
S-9-3, S-19-1, S-19-2, S-20-1, and S-20-2 were tested by using Type C 
connection arrangement. For these specimens, premature failure occurred 
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as the result of web crippling in the region above the connection rods 
at the end supports. 
SU~RY 
This paper summarizes the results of an extensive experimental 
investigation of the structural behavior of cold-formed steel beam 
webs subjected primarily to shear. 
For the 43 specimens tested in this study, the theoretical equa-
tions for shear yielding and shear buckling underestimate the actual 
capacities of the beam webs, Based on the test results, connection 
arrangements have a significant effect on the ultimate shear capacity 
of web elements. 
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APPENDIX Il.--NOTATIONS 
The following symbols are used in this paper: 
Aw = cross-sectional area of beam web, in square inches; 
a = length of web element, in inches; 
b =width of section where shear stress is desired, in inches; 
E =modulus of elasticity (29,500 kips per square inch); 
F y = tensile yield point, in kips per square inch; 
h = clear distance between flanges measured along plane of web, 
in inches; 
I t f . . f f 11 . . . h 4 = momen o ~nert~a o u sectlon, ~n lnc es ; 
k = buckling coefficient; 
P = shear failure load, in kips; 
u 
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Q =static moment of area taken about the neutral axis, in inches3 ; 
t = thickness of base material, in inches; 
V = external shear at section in question, in kips; 
a = aspect ratio of web element; 
~ = Poisson's ratio; 
fail Tavg = average shear stress at failure, in kips per square inch; 
T = critical shear buckling stress, in kips per square inch; 
cr 
~ = critical elastic shear buckling stress, in kips per square 
erE 
inch; 




= failure shear stress based on beam theory, in kips per square 
exact 
inch; 
T = proportional limit in shear, in kips per square inch; pr 
Ttheo theoretical shear stress, in kips per square inch; and 
T = shear yield stress, in kips per square inch. y 
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LIST OF CAPTIONS 
Fig. 1. Dimensions of Shear Test Specimens 
Fig. 2, Dimensions of Modified Shear Test Specimens 
Fig. 3, Loading Arrangement 
Fig. 4. Loading Assembly 
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TABLE 1 
CROSS-SECTION DIMENSIONS OF SHEAR TEST SPECIMENS 
Beam Cross-Section Dimensions, in inches 
specimen 
No. Thick. B1 B2 B3 B4 d1 d2 D1 D2 BB TFPL BFPL TPL 
{12 ~22 {32 ~4) {5) ~6) (72 (8) (92 (10) (112 (12) {13) (142 
S-1-1 0.0458 1.903 1.962 1.953 1.898 0.597 0.608 4.756 4.734 4.5 
S-1-2 0.0460 1.889 1.947 1.973 1.907 0.629 0.622 4.704 4.688 4.5 
S-2-1 0.0462 1.973 1.893 1.909 1.972 0.624 0.625 5.733 5.690 9 
S-2-2 0.0466 1.932 1.908 1.944 1.909 0.600 0.607 5.725 5.721 9 
S-3-1 0.0460 1.938 1.923 1.909 1.967 0.589 0.614 6.907 6.855 9 
S-3-2 0.0458 1.949 1.955 1.917 1.906 0.581 0.698 6.755 6.822 9 
S-8-1 0.0460 3.006 2.989 2.986 3.013 0.632 0.601 5.773 5.725 9 
S-8-2 0.0460 2.974 2.981 2.989 2.997 0.605 0.602 5.803 5.797 9 
S-9-1 0.0460 3.484 3.402 3.452 3.524 0.703 0.674 6.793 6.795 9 
S-9-2 0.0460 3.492 3.442 3.481 3.484 0.659 0.647 6.817 6.849 9 
S-9-3 0.0461 3.443 3.478 3.486 3.444 0.583 0.615 6.785 6.781 9 
S-9-4 0.0462 3.463 3.456 3.454 3.509 0.609 0.601 6.743 6.732 9 5.020 5.004 0.038 
S-9-5 0.0463 3.487 3.463 3.468 3.473 0.696 0.633 6.746 6.792 9 5.033 5.036 0.038 
S-9-6 0.0465 3.430 3.414 3.504 3.530 0.710 0.618 6.830 6.780 9 5.033 5.036 0.076 
S-9-7 0.0466 3.482 3.503 3.480 3.481 0.657 0.668 6.793 6.802 9 
S-9-8 0.0465 3.504 3.463 3.438 3.460 0.677 0.650 6.805 6.802 9 6.882 6.900 0.047 
S-10-1 0.0485 1.506 1.498 1.493 1.494 0.607 0.602 3.973 3.989 6 
S-10-2 0.0485 1.487 1.498 1.477 1.494 0.589 0.602 4.024 4.038 6 
S-10-3 0.0485 1.500 1.490 1.499 1.487 0.618 0.583 4.003 4.020 6 
S-10-4 0.0485 1.495 1.500 1.498 1.497 0.606 0.592 4.005 4.023 4 
S-10-5 0.0485 1.496 1.499 1.489 1.500 0.589 0.604 4.026 4.033 4 
S-11-1 0.0500 1.487 1.485 1.486 1.500 0.625 0.612 5.813 5.785 7 
S-11-2 0.0500 1.487 1.503 1.514 1.511 0.596 0.604 5.760 5.760 7 





CROSS-SECTION DIMENSIONS OF SHEAR TEST SPECIMENS 
(Continued) 
Beam Cross-Section Dimensions, 
specimen in inches 
No. Thick. Bl B2 B3 B4 dl d2 Dl D2 BB TFPL BFPL TPL 
~12 (2) (3) ~4) (52 ~62 ~72 (82 (92 ~102 ~11} ~122 ~13} ~14} 
S-12-1 0.0502 1.509 1.506 1.512 1.505 0.594 0.607 7.201 7.200 7 
S-12-2 0.0502 1.508 1.528 1.513 1.509 0.608 0.609 7.243 7.230 7 
S-12-3 0.0515 1.514 1.482 1.509 1.504 0.611 0.595 7.238 7. 272 7 
S-17-1 0.0510 3.450 3.310 3.250 3.507 0.600 0.604 5.720 5.730 9 
S-17-2 0.0510 3.020 3.045 3.066 3.037 0.602 0.601 5.730 5.713 9 
S-18-1 0.0515 3.514 3.505 3.500 3.513 0.613 0.605 7.195 7.204 9 
S-18-2 0.0515 3.510 3.505 3.519 3.524 0.595 0.610 7.217 7.223 9 
S-19-1 0.0478 1.456 1.453 1.509 1.511 0.687 0.576 9.787 9.770 4.5 
S-19-2 0.0489 1.537 1.535 1.453 1.458 0.594 0.675 9.802 9.805 4.5 
S-19-3 0.0488 1.506 1.502 1.498 1.469 0.604 0.615 9.817 9.831 7 
S-20-1 0.0466 1.515 1.516 1.461 1.463 0.626 0.662 12.390 12.350 4.5 
S-20-2 0.0491 1.453 1.498 1.502 1.452 0.663 0.660 12.400 12.400 4.5 
S-20-3 0.0481 1.459 1.455 1.448 1.499 0.713 0.689 12.250 12.312 7 
MS-2-1 0.0460 1.900 1.933 1.964 1.913 0.609 0.611 5.760 5.777 9 0.911 0.911 0.0459 
MS-2-2 0.0455 1.897 1.966 1.956 1.908 0.596 0.612 5.732 5.721 9 0.911 0.911 0.0459 
MS-3-1 0.0460 1.952 1.974 1.924 1.898 0.618 0.631 6.890 6.819 9 0.911 0.911 0.0459 
MS-3-2 0.0460 1.939 1.907 1.972 1.974 0.646 0.616 6.857 6.885 9 0.911 0.911 0.0459 
MS-8-1 0.0460 3.005 3.010 3.000 2.995 0.623 0.645 5.735 5.701 9 1.197 1.197 0.0461 
MS-8-2 0.0465 3.018 2.999 2.999 3.018 0.583 0.599 5.740 5.758 9 1.197 1.197 0.0461 
Notes: 1. See Figures 1 and 2 for the symbols used for dimensions. 
2. Inside bend radius was assumed to be equal to the thickness. 
3. Shear specimens are designated as follows: 
s 11 1 MS 8 1 
Beam Section Channel No. Test No. Modified Beam Section Channel No. Test No. ......... N 
4. 1 in. = 25.4 mm. 0 
TABLE 2 
PERTINENT PARAMETERS OF SHEAR TEST SPECIMENS 
Beam (w/t) 1 . 
Span F , in 
specimen h/t w/t a/h length, y ~m kips per No. in inches 
square inch 
(1) (2) (3) (4) (5) (6) (7) 
S-1-1 101.84 38.84 38.16 0.481 6.750 33.46 
S-1-2 100.26 38.33 38.16 0.515 6.750 33.46 
S-2-1 124.09 38.71 38.16 1.022 14.375 33.46 
S-2-2 122.85 37.46 38.16 1.012 14.375 33.46 
S-3-1 150.15 38.13 38.16 1.009 15.500 33.46 
S-3-2 148.95 38.69 38.16 1.013 15.500 33.46 
S-8-1 123.50 61.35 38.16 1.013 14.375 33.46 
S-8-2 124.15 60.80 38.16 1.027 14.375 33.46 
S-9-1 145.72 71.74 38.16 1.044 16.000 33.46 
S-9-2 146.89 71.91 38.16 1.036 16.000 33.46 
S-9-3 145.18 71.44 38.16 1.030 16.000 33.46 
S-9-4 143.95 70.96 38.16 1.040 16.000 33.46 
S-9-5 144.70 71.31 38.16 1.040 25.125 33.46 
S-9-6 144.88 69.76 38.16 1.020 25.125 33.46 
S-9-7 143.97 71.17 38.16 3.230 53.750 33.46 
S-9-8 144.34 71.35 38.16 3.230 53.750 33.46 
s-10-1 80.25 27.05 30.10 1.004 11.000 53.79 
S-10-2 81.26 26.70 30.10 1.017 11.000 53.79 
s-10-3 80.89 26.93 30.10 0.606 6.750 53.79 
S-10-4 80.95 26.93 30.10 0.605 6.750 53.79 
S-10-5 80.01 26.91 30.10 0.603 6.750 53.79 
S-11-1 113.70 25.70 30.10 1.011 14.750 53.79 
S-11-2 113.20 25.74 30.10 1.016 14.7 50 53.79 





PERTINENT PARAMETERS OF SHEAR TEST SPECIPgNs 
(Continued) 
Beam (VJ/t)l. Span F , in specimen h/t w/t a/h length, y liD kips per No. in inches 
square inch 
(1) (2) (3) (4) (5) (6) (7) 
S-12-1 141.43 26.00 30.10 1.039 16.750 53.79 
s-12-2 142.02 26.04 30.10 1.034 16.750 53.79 
S-12-3 139.20 25.40 30.10 1.029 16.750 53.79 
s-17-1 112.35 63.61 30.10 1.068 13.875 53.79 
s-17-2 112.35 55.67 30.10 1.056 13.875 53.79 
S-18-1 139.88 64.23 30.10 1.025 16.750 53.79 
s-18-2 140.25 64.16 30.10 1.037 16.750 53.79 
S-19-1 202.75 26.46 33.35 1.019 19.750 43.82 
s-19-2 198.51 27.43 33.35 1.017 19.750 43.82 
S-19-3 199.45 26.86 33.35 1.015 19.750 43.82 
S-20-1 263.88 28.51 33.35 1.006 26.750 43.82 
S-20-2 250.55 26.51 33.35 1.006 26.750 43.82 
s-20-3 253.97 26.33 33.35 1.013 26.750 43.82 
MS-2-1 123.59 38.02 38.16 1.022 14.375 33.46 
MS-2-2 123.98 39.21 38.16 1.014 14.375 33.46 
MS-3-1 147.78 38.91 38.16 1.007 15.500 33.46 
MS-3-2 147.67 38.15 38.16 1.006 15.500 33.46 
MS-8-1 122.67 61.43 38.16 1.014 14.375 33.46 
MS-8-2 121.83 60.90 38.16 1.018 14.375 33.46 





COMPARISONS OF EXPERIMENTAL AND THEORETICAL DATA 
Theoretical Data Experimental Data 
Beam fail fail fail fail . T T T 
specimen T , in T , in p , in fail in exact avg exact T ~n T 
No. y cr u exact' avg ' T T T kips per kips per kips kips per kips per thea theo avg 
square inch square inch square inch square inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
S-1-1 19.32 69.67 17.18 22.92 20.56 1.186 1.064 1.115 
S-1-2 19.32 64.05 17.23 22.80 20.75 1.180 1.074 1.099 
S-2-1 19.32 14,82 15.48 17.19 15.16 1.160 1.023 1.134 
s-2-2 19.32 15.00 15.63 17.18 15.15 1.145 1.010 1.134 
S-3-1 19.32 11.26 16.00 14.99 12.98 1.331 1.153 1.154 
S-3-2 19.32 11.64 16.89 16.10 13.96 1.383 1.199 1.153 
s-8-1 19.32 14.80 14,99 16.04 14.64 1.084 0.989 1.096 
S-8-2 19.32 14.51 15.15 16.08 14.66 1.108 1.010 1.097 
S-9-1 19.32 11.31 15.18 13.74 12.48 1.215 1.103 1.101 
S-9-2 19.32 11.21 16.80 15.11 13.73 1.348 1.225 1.100 
S-9-3 7.00 Premature Failure Resulting from Web Crippling 
S-9-4 19.32 11.65 15.36 13.49 12.68 1.158 1.088 1.063 
S-9-5 19.32 11.47 14.28 12.45 11.72 1.085 1.022 1.063 
S-9-6 19.32 11.62 16.50 14.04 13.40 1.208 1.153 1.048 
S-9-7 19.32 7.36 17.43 15.55 14.14 2.113 1.921 1.099 
S-9-8 19.32 7.32 18.30 15.58 14.87 2.128 2.031 1.048 
S-10-1* 31.06 38.54 17.25 26.28 23.48 0.846 0.756 1.119 
S-10-2* 31.06 37.19 14.83 22.33 19.92 0. 719 0.641 1.121 
S-10-3* 31.06 75.58 20.55 31.15 27.75 1.003 0.893 1.123 
S-10-4 31.06 75.64 22.80 34.45 30.77 1.109 0.991 1.120 





COMPARISONS OF EXPERIMENTAL AND THEORETICAL DATA 
(Continued) 
Theoretical Data Experimental Data fail fail Beam 
1
fail fail T T 
Tfail 
specimen T , in T in p , in in in exact avg exact 
cr' 
T 
No. y u exact' avg ' T T T kips per kips per kips kips per kips per theo theo avg 
square inch square inch square inch square inch 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
S-11-1 31.06 19.08 23.00 24.02 20.38 1.259 1.068 1.179 
S-11-2 31.06 19.18 25.93 26.94 23.29 1.405 1.214 1.157 
S-11-3 31.06 20.96 24.58 25.20 21.76 1.202 1.038 1.158 
S-12-1 31.06 12.06 18.+ 15.14 12.81 1.255 1.062 1.182 
S-12-2 31.06 12.00 21.48 17.98 15.22 1.498 1.268 1.182 
S-12-3 31.06 12.70 18.52 15.09 12.7 5 1.188 1.004 1.183 
S-17-1 31.06 17.01 24.60 23.64 21.84 1.390 1.284 1.082 
S-17-2 31.06 17.65 24.00 23.26 21.32 1.318 1.208 1.091 
s-18-1 31.06 12.86 24.09 18.42 16.72 1.432 1.300 1.102 
S-18-2 31.06 12.66 21.90 16.70 15.16 1.319 1.197 1.102 
S-19-1 25.30 5.96 11.13 7.42 6.07 1.245 1.018 1.222 
S-19-2** 25.30 6.23 10.14 6.59 5.40 1.058 0.867 1.221 
S-19-3 25.30 6.24 16.55 10.76 8.81 1. 724 1.412 1.222 
S-20-1** 25.30 3.56 6.25 3.44 2.75 0.966 0.772 1.250 
S-20-2** 25.30 3.95 6.50 3.39 2. 71 0.858 0.686 1.250 
S-20-3 25.30 3.73 13.89 7.46 5.97 2.000 1.601 1.249 
MS-2-1 19.32 14.60 15.74 17.39 15.32 1.191 1.049 1.135 
MS-2-2 19.32 14.61 15.97 17.95 15.83 1.229 1.084 1.134 
TABLE 3 




specimen "( y' in "( cr' in 
p , in 
No. u kips per kips per kips 
square inch square inch 
(1) (2) (3) (4) 
MS-3,....1 19.32 11.33 15.75 
MS-3-2 19.32 11.36 14.82 
M:S-8-1 19.32 14.76 16.21 
~tS-8-2 19.32 14.73 14.60 
*Failed in bending. 
**Failed in web crippling. 
Note: 1 kip = 4.45 kN; 1 ksi 2 = 6.9 MN/m • 
Experimental Data 
fail fail 




kips per kips per 






'"(fail fail fail 
'"( '"( 
exact avg exact 
T T T thea thea avg 
(7) (8) (9) 
1.306 1.132 1.154 
1.223 1.060 1.154 
1.182 1.079 1.095 
1.048 0.958 1.095 
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ABSTRACT 
At the interior supports of continuous beams and the supports 
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of cantilever beams, the beam webs are subjected to a combination of 
maximum bending and shear. In order to determine the structural 
behavior of cold-formed steel beam webs subjected to a combination of 
bending and shear, an experimental investigation was conducted at the 
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COLD-FORMED STEEL WEB ELEMENTS 
UNDER COMBINED BENDING AND SHEAR 
By Roger A. LaBoube,1 A.M. ASCE, and Wei-Wen Yu, 2 M. ASCE 
INTRODUCTION 
At the interior supports of continuous beams and the supports 
of cantilever beams, the web elements are subjected to a combination 
of maximum bending and high shear. This is a well-known fact and 
has been studied by numerous investigators (1-4,10) for plate girders 
with transverse stiffeners. 
In order to determine the structural behavior of cold-formed 
steel beam webs without transverse stiffeners subjected to a combination 
of bending and shear, an experimental investigation was carried out at 
the University of ~issouri-Rolla (UMR) under the sponsorship of the 
American Iron and Steel Institute (AISI), Prior to this phase of the 
investigation, studies were made to determine the ultimate strength 
of beam webs subjected to either bending or shear stress. The research 
findings were presented in Refs, 6, 7 and 9. This paper summarizes 
the test results and formulas developed from the study of cold-formed 
steel web elements subjected to combined bending and shear. 
1Assistant Professor of Civil Engineering, Iowa State University, 
Ames, Iowa; formerly, Research Assistant, University of Missouri-Rolla, 
Rolla, Missouri. 




Twenty~five beam specimens were tested in this study. These 
specimens consisted of 8 built-up beam members (Fig. 1) and 17 
modified beam members (Fig. 2). The beam specimens were fabricated 
from two channel sections connected by 3/4 x 3/4 x 1/8 in. (19.05 x 
19.05 x 3.23 mm) angles at the compression flange, and by 1/8 x 3/4 in. 
(3.23 x 19.05 mm) rectangular bars at the tension flange. Self-
tapping screws were used for connectors. Complete fabrication details 
are given in Ref. 6-8, The cross-section dimensions and pertinent 
parameters for each specimen are given in Tables 1 and 2. 
Instead of using conventional bearing plates, the loads and reac-
tions were introduced directly into the beam web to prevent a bearing 
failure. This was accomplished by using the loading assembly shown in 
Figs. 3, 4, and 5. By using this assembly the loads and reactions 
were applied through bearing plates to hot-rolled channels or 3/4 in. 
(19.05 mm) plates which transferred the loads and reactions to the 
beam webs by 1/2 in. (12.7 mm) diameter threaded rods. Spacers, 
1/2 in. (12.7 mm) long, were used to avoid direct contact between 
the loading assembly and the test specimen. 
Each specimen was tested as a simply supported beam subjected 
to a concentrated load at mid-span (Fig. 6). A detailed description 
of the test procedure is presented in Ref. 8. All beam specimens 
were tested to failure and these failure loads, (P )t are given in 
u est 
Table 3, 
For each test specimen, the experimentally determined bending 
capacity, (M )t t' (Fig, 7) and the maximum tested compressive stress 
u es 
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in bending, fb , computed on the basis of (P ) are also given 
w u test 
in Table 3. 
The ultimate shear at failure, (V )t t' is presented in Table 3 
u es 
along with the average shear stress at failure, f , calculated on the 
v 
basis of (V )t t' 
u es 
EVALUATION OF TEST RESULTS 
The objective of this study was to investigate the structural 
behavior of an unreinforced web element subjected to combined bending 
and shear. However, during the evaluation of the test data, it was 
realized that for the 17 modified specimens, which had steel sheets 
fastened to the top and bottom flanges, additional edge restraint 
was provided for the web element, This increased restraint improved 
the postbuckling strengths of the beam webs. Also, the loading system 
used in the tests enabled the formation of diagonal tension field 
action. For these reasons~ due consideration must be given to the 
postbuckling strengths of the web for both bending and shear in order 
to obtain a good correlation between the tested and predicted ultimate 
strength. 
For beam webs subjected to pure bending, the postbuckling strength 
factors were computed by using Eq. 1 (6,9). They are given in Table 4 
for all test specimens. 
~b (1) 
in which a 1 0.017 (h/t) - 0.790 
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a 3 = 1.16- 0.16 f(w/t)/(w/t) 1 . ], when (w/t)/(w/t) 1 . < 2.25 1ID 1m 
(w/t) lim 
= 0.80, when (w/t)/(w/t) 1 . > 2.25 1ID 
0.561 (F /33) + 0.10 y 
= 171/l:f according to Section 2.3.1.1 of the AISI 
Specification (11). 
In the preceding equations, h = clear distance between flanges measured 
along the plane of the web, t = thickness of base steel, f = compressive 
c 
bending stress in the web, ft = tensile bending stress in the web, 
w = flat width of compression flange, f = actual stress in compression 
flange, and E = yield point of steel, The unit for all stresses y 
is kips per square inch. 
Consequently, the maximum compressive stress in bending is computed 
by Eq. 2 and given in Table 4. 
~b (f )b < F cr w- y (2) 
In Eq. 2, (f )b = the critical web buckling stress due to bending 
cr w 
determined by Eq. 3 (Table 4). 
2 12 (1-11 ) 
(3) 
in which E =modulus of elasticity, 11 = Poisson's ratio, and k 
buckling coefficient computed by using Eq. 4 (12) 
k = 4 + 2(1+$) 3 + 2(1+$) (4) 
in which f3 = It /f I . t c 
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For welded plate girders subjected to shear stress, the ultimate 
stress, Tu, was evaluated by Gaylord, Fujii, and Selberg using the 
following formula (5): 
(f ) . 8 
T = (f ) + F [1.0- cr v][ s~n ] 
u cr v y T 2+cos 8 y 
(5) 
in which e = the angle of the web panel diagonal with the flange, 
T = shear yield stress, and (£ ) = the critical shear buckling y cr v 
stress given by Eq. 6. 
2 12(1-lJ ) 
in which k = 4.00 + 5 ·~4 , when a.< 1.0 
a. 
= 5 • 34 + 4 • ~O ~ when a. > 1. 0 
a 
a = aspect ratio = a/h 
(6) 
By substituting for sin 8 and cos 8 in terms of the aspect ratio a, 
the following expression for the postbuckling strength factor for 
shear, <P , was obtained from Eqs. 5 and 6. 
v 
'T 
13 [(f y) - 1.0) 
'T 
<P 
u 1.0 + cr v (7) = (fcr)v = v 
2 Vl+a2 + a 
Table 4 contains the computed values of Wv for all test specimens. 
Although the postbuckling strength factor for shear was derived 
from research findings conducted on welded plate girders, it appears to 
be equally applicable to the cold-formed steel sections used in this 
test program. This is demonstrated by the values of <P'/<P given in 
v v 
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Table 5 which are approximately equal to unity, for the specimens that 
failed by combined bending and shear. In the above expression, ~' 
v 
is defined as (V ) /(f ) A , where A is the cross-sectional 
u test cr v w w 
area of the beam webs. 
Consequently, the maximum shear stresses for all test specimens 
were determined by using Eq. 8 and are listed in Table 4. 
(fv)max = ¢ (£ ) < T v cr v - y (8) 
Based on the maximum stresses for bending and shear (Eqs. 2 and 
8), the relationship between fb /(fb) and f /(f) is shown in 
w max v v max 
Fig. 8 for all test results. This interaction is conveniently 
represented by the trilinear diagram ABCD, in which line BC is defined 
by the following formula: 
fbw 
0.8 (f ) 
b max 
= 1,4 (9) 
Figure 8 indicates that for values of f /(f ) < 0.6, no reduction 
v v max 
in the bending capacity occurs as the result of shear. Also, when 
fb < 0.5 (fb) , the shear capacity of the beam web is not signifi-
w - max 
cantly affected by bending. 
The well known interaction curve represented by a quadrant of 
a unit circle, as defined by the following formula, is also presented 
in Fig. 8. 
1.0 (10) 
From Fig. 8, it can be observed that the preceding equation provides 
a slightly conservative estimate of the true interaction behavior 
of the test specimens. This is due to the fact that Eq, 10 was 
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derived for individual disjointed plates subjected to combined bending 
and shear, whereas the beam webs in this study were elastically 
restrained by the flanges. 
In addition to the study of interaction between bending and shear 
stresses, an evaluation was made of the relationship between bending 
moment and shear force. In this investigation, the predicted ultimate 
moments for the beam specimens, (M ) , were evaluated by using the 
u comp 
effective web depth method as discussed in Refs. 6 and 9. The 
numerical values of (M ) are g~ven in Table 4. 
u comp 
The ultimate shear force is computed by the following formula: 
(11) 
The numerical values of (V ) are also given in Table 4. 
u comp 
figure 9 presents graphically the relationship between the 
quantities (M ) /(M ) and (V )t t/(V ) as given in Table 5 
u test u comp u es u comp 
for all test specimens. From a regression analysis of the test data, 
the interaction curve is represented by ABCD, where curve BC is repre-
sented by Eq. 12. 
(12) 
A simplified interaction diagram was developed and is depicted by 




Also presented in Fig. 9 is the interaction curve represented by 
a part of a unit circle and defined by Eq. 14; 
1.0 (14) 
As shown in Fig. 9, when the shear force is less than approximate-
ly 65 percent of the computed shear capacity, the full bending capacity 
of the member was developed. Conversely, when the bending moment in 
the member is less than approximately 50 percent of the predicted 
maximum bending capacity, the moment has little or no effect on the 
shear capacity. It can also be observed from this figure that the 
interaction curve described by Eq, 14 offers a conservative estimate 
of the true interaction behavior of the test specimens. 
S~RY 
This investigation was initiated to study the structural behavior 
of cold-formed steel beam webs subjected to combined bending and 
shear. Formulas were derived and are presented for the interaction 
behavior of the test specimens used in this study. In developing 
these formulas, due consideration was given to the postbuckling 
strengths of web elements for both bending and shear. 
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APPENDIX !I.--NOTATIONS 
The following symbols are used in th~s paper: 
A = cross-sectional area of beam web, in square inches; 
w 
a = length of web element> in inches; 
E = modulus of elasticity, in kips per square inch; 
F = tensile yield point, in kips per square inch; y 
f = actual stress in compression flange, in kips per square 
inch; 
(fb)max = maximum computed stress governing bending, in kips per 
square inch; 
fbw = bending stress at failure in the web, in kips per square 
inch; 
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f = compressive bending stress in web, in kips per square inch; 
c 
( f ) = critical buckling stress for bending. in kips per square 
cr bw " 
inch; 
(f ) = critical shear buckling stress, in kips per square inch; 
cr v 
ft = tensile bending stress in web, in kips per square inch; 
f = average shear stress at failure, in kips per square inch; 
v 
(fv)max = maximum computed stress governing shear for reinforced 
web, in kips per square inch; 
h = clear distance between flanges measured along the plane of 
the web, in inches; 
k = buckling coefficient; 
(Mu)test = tested ultimate bending moment, in inch-kips; 
(M ) = computed ultimate bending moment, in inch-kips; 
u comp 
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(P u) test = failure load, in kips; 
t = thickness of base steel, in inches; 
(Vu)test = shear force at failure, in kips; 
(V ) = computed ultimate shear force, in kips; u camp 
w = flat width of compression flange, in inches; 
a = aspect ratio of web; 
al = postbuckling factor for h/t; 
a2 = postbuckling factor for fc/ft; 
a3 = postbuckling factor for w/t/(w/t) 1 . ; l.ffi 
a4 = postbuckling factor for F . y' 
s = lft/fcl; 
e = angle of the web panel diagonal with the flange; 
~ = Poisson's ratio; 
T = computed ultimate shear stress, in kips per square inch; u 
T = shear yield stress, in kips per square inch; y 
<I>b = postbuckling strength factor for bending; 
<I> = postbuckling strength factor for shear; and v 
<1>' = tested postbuckling strength factor for shear. v 
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CROSS-SECTION DIMENSIONS OF TEST SPECIMENS SUBJECTED TO COMBINED BENDING AND SHEAR 
Beam 
. Cross-Section Dimensions, in inches 
specimen 
No. Thick. :&1 B2 B3 B4 d1 d2 D1 D2 TFPL BFPL TPL BB 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 
BS-2-1a 0.0500 1.950 1.974 1.955 1.957 0,610 0.625 6.163 6.130 6 
BS-2-1b 0.0500 1.968 1.975 1.964 1.973 0.610 0.613 6.150 6.145 6 
BS-8-1a 0.0509 2.979 2.996 3.002 2.965 0.595 0.610 6.121 6.152 9 
BS-8-1b 0.0509 2.979 2.995 2.999 2.995 0.606 0.604 6.145 6.132 9 
BS-8-2a 0.0500 2.988 2.983 2.984 2.998 0.600 0.610 6.117 6.135 3.613 3.544 0.0492 9 
BS-8-2b 0.0500 2.982 2.985 2.967 2.979 0.627 0.613 6.122 6.113 3.613 3.544 0.0492 9 
BS-8-3a 0.0504 2.997 2.984 2.974 3.002 0.596 0.602 6.153 6.135 6.921 6.918 0.0470 9 
BS-8-3b 0.0504 2.994 2.973 2.975 2.991 0.609 0.616 6.152 6.144 6.918 6.921 0.0470 9 
BS-8-4a 0.0502 2.989 2.997 2.977 2,980 0.613 0.614 6.184 6.196 7.135 7.173 0.0940 9 
BS-8-4b 0.0502 2.998 2.992 2.999 2.992 0.615 0.594 6.186 6.183 7.135 7.173 0.0940 9 
BS-9-1a 0.0510 3.512 3.474 3,489 3.505 0.609 0.626 7.281 7.303 9 
BS-9-1b 0.0509 3.475 3,482 3.482 3.497 0.602 0,632 7.328 7.321 9 
BS-9-2a 0.0510 3.506 3.510 3.497 3.505 0.614 0.610 7.295 7.283 1.810 1.772 0.0492 9 
BS-9-2b 0.0509 3.513 3.481 3.502 3.512 0.607 0.616 7.313 7.281 1.810 1. 772 0.0492 9 
BS-9-3a 0.0511 3.511 3.501 3,506 3.481 0.607 0.604 7,303 7.325 3.491 3.398 0.0470 9 
BS-9-3b 0.0509 3.510 3.503 3.508 3,484 0.612 0.614 7,314 7.313 3.469 3.439 0.0470 9 
BS-9-4 0.0511 3.476 3.508 3.524 3.495 0.606 0.607 7.266 7.269 3.449 3.460 0.0940 9 
BS-9-5 0.0511 3.495 3.487 3.481 3.511 0.622 0.609 7.301 7.278 3.449 3.460 0.1310 9 
BS-9-6 0.0511 3.501 3.507 3.463 3.507 0.605 0.601 7.316 7.318 3.449 3.460 0.1310 9 
BS-10-1a 0.0504 4.507 4.508 4.508 4.486 0.683 0.690 9.852 9.890 9.125 
BS-10-lb 0.0504 4.493 4.517 4.498 4.507 0.680 0.694 9.836 9.892 9.125 
TABLE 1 
CROSS-SECTION DIMENSIONS OF TEST SPECIMENS SUBJECTED TO COMBINED BENDING AND SHEAR 
(Continued) 
Beam Cross-Section Dimensions, in inches 
specimen 
No. Thick. B1 B2 B3 B4 d1 d2 D1 D2 TFPL BFPL TPL 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
BS-10-2a 0.0496 4.498 4.501 4.524 4.484 0,670 0.680 9.896 9.900 3.971 3.959 0.0496 
BS-10-2b 0.0497 4.517 4.500 4.504 4,505 0.680 0.676 9.844 10.036 3.971 3.959 0.0496 
BS-10-3a 0.0497 4.519 4.505 4.502 4.506 0.666 0. 642 9.911 9.833 5.962 5. 942 0.0500 
BS-10-3b 0.0496 4.484 4,497 4.475 4.500 o. 702 0.679 9.960 9.895 5.962 5.942 0.0500 
Notes: 1. 1 in. = 25.4 mm. 
2. See Figs. 1 and 2 for symbols used for dimensions. 
3. Inside bend radius is assumed to be equal to the thickness. 
4. Combined bending and shear specimens are designated as follows: 
BS 10 la 












PERTINENT PARAMETERS OF TEST SPECIMENS SUBJECTED TO COMBINED BENDING AND 
Beam F , in T , in (w/t) 1 . specimen y y w/t h/t a/h kips per kips per l.m No. 
square inch square inch 
(1) (2) (3) (4) (5) (6) (7) 
BS-2-la 47.12 27.20 35.48 32.16 121.26 2.02 
BS-2-lb 47.12 27.20 35.50 32.16 121.00 2.02 
BS-8-la 47.12 27.20 54.86 32.16 118.86 2.02 
BS-8-lb 47.12 27.20 54.84 32.16 118.73 2.03 
BS-8-2a 47.12 27.20 55.76 32.16 120.70 2.03 
BS-8-2b 47.12 27.20 55.70 32,16 120.44 2.03 
BS-8-3a 47.12 27.20 54.46 32.16 120.08 2.02 
BS-8-3b 47.12 27.20 55.40 32.16 120.06 2.02 
BS-8-4a 47.12 27,20 55.48 32.16 121,43 2.01 
BS-8-4b 47.12 27.20 55.72 32.16 121.23 2.01 
BS-9-la 47.12 27,20 64.86 32.16 141.20 2.08 
BS-9-lb 47.12 27.20 64.41 32.16 141.97 2.08 
BS-9-2a 47.12 27.20 64.82 32.16 141.04 2.09 
BS-9-2b 47.12 27.20 65.02 32.16 141.67 2.08 
BS-9-3a 47.12 27.20 64.71 32.16 141.35 2.08 
BS-9-3b 47.12 27.20 64.96 32.16 141.69 2.08 
BS-9-4 47.12 27.20 64.65 32.16 142.25 2.06 
BS-9-5 47.12 27.20 64.40 32.16 140.88 2.08 
BS-9-6 47.12 27.20 64.63 32.16 141.21 2.08 
BS-10-la 36.88 21.29 85.44 36.35 194.23 1.99 































PERTINENT PARAMETERS OF TEST SPECIMENS SUBJECTED TO COMBINED BENDING AND SHEAR 
(Continued) 
Beam F , in '[ , in (w/t) 1 . 
Span 
specimen y y w/t h/t a/h length, kips per kips per l.m No. 
square inch square inch in inches 
(1) (2) (3) (4) (5) (6) (7) (8) 
BS-10-2a 36.88 21.29 86.75 36.35 197.60 1.99 21.29 
BS-10-2b 36.88 21.29 86.89 36.35 199.93 1.96 21.29 
BS-10-3a 36.88 21.29 86.93 36.35 197.42 1.99 21.29 
BS-10-3b 36.88 21.29 86.67 36.35 198.81 1.98 21.29 
Note: 1 in. 25.4 mm; 1 ksi = 6.9 MN/m2 . 
TABLE 3 
EXPERIMENTAL DATA FOR TEST SPECIMENS SUBJECTED TO COMBINED BENDING AND SHEAR 
Beam 
(Pu)test' (Mu)test' (V u) test' fbw' in 
f , in Failure 
specimen v in kips per kips per Mode No. in kips inch-kips in kips square inch square inch 
(1) (2) (3) (4) (5) (6) (7) 
BS-2-la 12.91 83.11 6.46 45.01 10.68 B 
BS-2-lb 12.98 83.56 6.49 45.20 10.73 B 
BS-8-la 12.63 81.31 6.32 37.39 10.26 B 
BS-8-lb 13.01 83,75 6.51 38.63 10.58 B 
BS-8-2a 15.00 96.56 7.50 30,27 12.43 B 
BS-8-2b 14.53 93.54 7.27 29.17 12.07 B 
BS-8-3a 16.67 107.38 8,34 26.07 13.67 BS 
BS-8-3b 16.01 103.00 8.01 24.89 13.13 BS 
BS-8-4a 19.80 123.60 9.60 19.94 15.69 BS 
BS-8-4b 19.74 127.07 9.87 20,55 16.15 BS 
BS-9-1a 13.50 105.47 6.75 36.29 9.19 B 
BS-9-1b 14.07 109.92 7.04 38.07 9.57 B 
BS-9-2a 15.98 124.84 7.99 35.55 10.89 B 
BS-9-2b 16.80 131.28 8.40 37.77 11.44 B 
BS-9-3a 20.00 156.25 10.00 39.24 13.55 BS 
BS-9-3b 19.67 153.67 9.84 38.69 13.40 BS 
BS-9-4 21.00 164.06 10,50 32.01 14.13 s 
BS-9-5 18.93 147.89 9.47 28.35 12.87 BS 
BS-9-6 20.74 162.03 10.37 31.29 14.06 s 
BS-10-1a 12.62 123.05 6.31 26.57 6.39 B 
BS-10-lb 12.82 125.00 6.41 27.12 6.49 B 
TABLE 3 
EXPERIMENTAL DATA FOR TEST SPECIMENS SUBJECTED TO COMBINED BENDING AND SHEAR 
(Continued) 
Beam 
(Pu)test' (Mu)test' (Vu)test' fbw' in 
f , in 
specimen v in kips per kips per No. in kips inch-kips in kips square inch square inch 
(1) (2) (3) (4) (5) (6) 
BS-10-2a 15.03 146.64 7.52 23.05 7.73 
BS-10-2b 15.15 147.81 7.58 23.52 7.67 
BS-10-3a 16.02 156.20 8.01 21.44 8.21 
BS-10-3b 15.18 148.00 7.59 20.00 7.76 
Note: 1. 1 kip = 4.45 kN; 1 ksi = 6.9 MN/m2; 1 in.-kip = 113 N·rn. 
2. Failure modes are designated as follows: 









THEORETICAL DATA FOR TEST SPECIMENS SUBJECTED TO COMBINED BENDING AND SHEAR 
Beam (Mu)comp' (fcr)bw' (f ) , in (V ) (fv)max' in (fb)max' in c;r v u camp' 
specimen in kips per k1ps per <I?b <I? kips per kips per 
No. in inch-kips square inch square inch v in kips square inch square inch 
~1) (2) (3) (4) (5) (6) ( 7) (8) (9) 
BS-2-1a 84.49 43.34 11.46 1.13 1.36 9.43 15.59 47.12 
BS-2-1b 84.57 43.52 11.51 1.13 1.36 9.47 15.65 47.12 
BS-8-1a 88.09 45.11 11.93 1.04 1.34 9.85 15.99 46.91 
BS-8-1b 88.43 45.20 11.94 1.04 1.34 9.84 16.00 47.01 
BS-8-2a 117.45 43.74 11.55 1.19 1.36 9.48 15.71 47.12 
BS-8-2b 117.73 43.93 11.60 1.19 1.36 9.50 15.78 47.12 
BS-8-3a 145.08 44.19 11.69 1.17 1.35 9.63 15.78 47.12 
BS-8-3b 145.30 44.21 11.69 1.18 1.35 9.63 15.78 47.12 
BS-8-4a 213.04 43.22 11.45 1.35 1.37 9.60 15.69 47.12 
BS-8-4b 212.94 43.36 11.48 1.19 1.36 9.54 15.61 47.12 
BS-9-1a 112.09 31.96 8.38 1.29 1.58 9.73 13.24 41.23 
BS-9-1b 112.10 31.62 8.29 1.31 1.59 9.70 13.18 41.42 
BS-9-2a 158.75 32.03 8.38 1.53 1.58 9.71 13.24 47.12 
BS-9-2b 157.65 31.75 8.32 1.54 1.59 9.71 13.23 47.12 
BS-9-3a 191.00 31.89 8.36 1.53 1.58 9.75 13.21 47.12 
BS-9-3b 189.68 31.74 8.32 1.54 1.59 9.71 13.23 47.12 
BS-9-4 252.79 31.49 8.27 1.50 1.60 9.83 13.23 47.12 
BS-9-5 316.34 32.11 8.42 1.51 1.58 9.79 13.30 47.12 
BS-9-6 317.31 31.96 8.38 1.52 1.58 9.76 13.24 4 7.12 
BS-10-1a 140.82 16.89 4.49 1.54 2.01 8.91 9.02 26.01 










THEORETICAL DATA FOR TEST SPECIMENS SUBJECTED TO COMBINED BENDING AND SHEAR 
(Continued) 
(Mu)comp' (fcr)bw' (fcr)v, in (Vu)comp' (fv)max' in 
in kips per kips per <Ph <P kips per in inch-kips 
square inch square inch v in kips square inch 
(2) {3) ~4) (52 {62 { 72 (8) 
202.97 16.32 4.34 1.96 2.05 8.65 8. 90 
195.01 15.94 4.26 1.96 2.09 8.79 8. 90 
214.52 16.35 4.34 1.94 2.05 8.68 8.90 
215.72 16.12 4.29 1.95 2.07 8.69 8.88 










COMPARISONS OF EXPERIMENTAL AND THEORETICAL DATA FOR TEST SPECIMENS 
SUBJECTED TO COMBINED BENDING AND SHEAR 
Beam (Mu)test (Vu)test fbw f (Vu)test ~· 
specimen v <I>' = v (Mu)comp (Vu) camp (fb)max (fv)max (Vcr)theo r No. v v 
(1) ~2) ~3) {42 {52 ~6) (7} 
BS-2-1a 0.984 0.685 0.955 0.685 
BS-2-1b 0.988 0.685 0.959 0.685 
BS-8-1a 0.923 0.642 0.797 0.642 
BS-8-1b 0.947 0.662 0.822 0.661 
BS-8-2a 0.822 0.791 0.642 0.791 
BS-8-2b 0.795 0.765 0.619 0.765 
BS-8-3a 0.740 0.867 0.553 0.866 1.17 0.867 
BS-8-3b 0.709 0.832 0.528 0.832 1.12 0.830 
BS-8-4a 0.580 1.000 0.423 1.000 1.37 1.000 
BS-8-4b 0.597 1.035 0.436 1.035 1.41 1.037 
BS-9-1a 0.941 0.694 0.880 0.694 
BS-9-1b 0.981 0.726 0.919 0.726 
BS-9-2a 0.786 0.823 0.754 0.823 
BS-9-2b 0.833 0.865 0.802 0.865 
BS-9-3a 0.818 1.026 0.833 1.026 1.60 1.012 
BS-9-3b 0.810 1.013 0.821 1.013 1.60 1.006 
BS-9-4 0.649 1.068 0.679 1.068 1.68 1.050 
BS-9-5 0.468 0.967 0.602 0.968 1.51 0.956 
BS-9-6 0.511 1.063 0.664 1.062 1.66 1.050 
BS-10-1a 0.874 0.708 1.022 0.708 





COMPARISONS OF EXPERIMENTAL AND THEORETICAL DATA FOR TEST SPECIMENS 
SUBJECTED TO COMBINED BENDING AND SHEAR 
(Continued) 
Beam (Mu)test (Vu)test fbw f (Vu)test q)' 
specimen v 4>' = v (Mu)comp (Vu)comp (fb)max (fv)max (Vcr)theo r No. v v 
(1) (2) (3) (4) (5) (6) ( 7) 
BS-10-2a 0.722 0.869 0.721 0.869 1.77 0.864 
BS-10-2b 0.758 0.862 0.753 0.862 1.80 0.861 
BS-10-3a 0.728 0.923 0.676 0.922 1.89 0.922 
BS-10-3b 0.686 0.873 0.636 0.874 1.81 0.874 
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The calculations involved in using the UMR equations for deter-
mining the ultimate capacity of beam webs subjected to bending are 
demonstrated in the following design example. for the section shown in 
Fig. A.l, h/t = 143.83, w/t = 53.29, (w/t)lim = 171/lf = 31.22, 
(w/t)/(w/t) 1 . = 1.707, and F =50 ksi. Full lateral support is J.m y 
assumed to be provided. It should be noted that this example deals 
only with a beam having stiffened flanges. The same procedures can 
also be applied to a beam with unstiffened flanges. 
A. BENDING CAPACITY OF THE MEMBER GOVERNED BY BEAM FLANGE 
For flexural members having full lateral support, the stress on 
the extreme fibers of the section computed in accordance with the 
effective flange area shall not exceed F . y 
By using the effective flange width based on F , the section y 
modulus of the channel section in question is 1.235 in. 3 Therefore, 




= 61.75 in.-kips 
B. BENDING CAPACITY Of THE BEAM GOVERNED BY WEB ELEMENT 
(1) 
The ultimate bending moment based on the capacity of the web 
element is computed by using the three methods presented in the first 
paper (pages 1 to 40) and the "effective web depth" method discussed 
in the third paper (pages 65 to 94). 
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1. Method I - Using Postbuckling Strength Factor. In accordance 
with the first paper, the ultimate bending moment can be determined by 
using the postbuckling strength factor as given in Eq. 2, 
(H )b ;;:: ~s f 
u w x cr 
In the above equation, the values of~ and f are evaluated by Eqs. 1 
cr 
and 2, given in the first paper, assuming S = ft/fc = 1.0 
= [0.017(h/t)-0.790][0.462 lfc/ftl + 0.538] 
x [1.16-0.16(w/t)/(w/t) 1 . ][0.56l(F /33)+0.10] l.ffi y 
= 1.395 
k = 4+2(1+S) 3+2(l+S) = 24 
f = kn2E/(12(1-~2)(h/t) 2 ] 
cr 
= 30.93 ksi 
S ~~ = 1 • 3 2 9 in. 3 
... 
The value of S was computed by using the effective flange area 
X 
based on f and the full web area. 
cr 
Consequently, 
(~)bw = (1.395)(1.329)(30.93) = 57.34 in.-kips 
2, Method II - Using Reduction Factor for Bending Capacity. The 
ultimate bending moment based on the reduction factor for bending 
capacity is given by 
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(M )b = A.S F 
U W X y (3) 
in which A is the reduction factor defined by Eq. 3 in the first paper 
and is determined by the following computations: 
= 24 
A= 1.197-1.44(10-3)(h/t);p-;k y 
= 0. 898 <. 1. 0 
S = 1.235 in. 3 
X 
The value of S is determined by using an effective flange area 
X 
based on F combined with the full web area. Based on the above y 
data, the ultimate bending moment is determined as follows: 
(M )b = (0.898)(1.235)(50) = 55.45 in.-kips 
u w 
3. Method III- Using Simplified Reduction Factor for Bending 
Capacity. By using the simplified equation for the reduction factor 
for bending capacity, the ultimate bending moment is 
(M ) = A'S F 
u bw x y (4) 
where A' is given numerically by the following calculations in 
accordance with Eq. 4 of the first paper. 
A'= 1.210-(3.37)(10-4 )(h/t)l~ y 
= 0.867 < 1.0 
S = 1.235 in. 3 
X 
The value of S is determined by using an effective flange area 
X 
based on F combined with the full web area. Numeri,cally, the y 
ultimate bending moment is 
(M )b = (.867)(1.235)(50) = 53.54 in.-kips 
u w 
4. Method IV ~Using Effective Web Depth. In this method, the 
ultimate bending moment is computed by using a section modulus based 
on the effective areas of both the compression flange and the com-
pression portion of the web element. The effective flange width, b, 
and the effective depth of the compression portion of the web, y , 
e 
are computed by using the following equations: 
b = 1.9 t /E/f' fl.0-0.415(t/w)/E/f']* 
Y = 0.358 t/kE/f' e 
(5) 
(6) 
where f' is the maximum bending stress determined by the equations 
given in the third paper, 
f' = (3'F y 
'Y1Y2Fy 
= Il.074-7.35(10-2)(w/t)/(w/t) 1 . ] l.m 
Il.037-1.25(10-4 )(h/t)~J F y y 
43.15 ksi < 50 ksi,, use f' = 43,15 ksi 
Numerically, the effective flange width is 
165 
*Winter, G,, "Conunentary on the 1968 Edition of the Specification for 
the Design of Cold-Formed Steel Structural Members," American Iron 
and Steel Institute, Washington, D.C., 1970. 
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b = 1 9(0 048) J29 •500 11 o~o 415( 1 >/ 29 •500] 
. . 43.15 . . 53.29 43.15 
= 1.90 in. 
The effective depth of the compression portion of the web is a 
function of the buckling coefficient, k, which depends upon the bending 
stress ratio. Therefore, the effective depth for the compression region 
of the web is determined by the following procedures: 
a. Assume a location for the neutral axis. 
b. Calculate the buckling coefficient, k, and the effective web 
depth, y • 
e 
c. Based on the effective areas of the flange and web, compute 
the internal forces. 
d. Check internal equilibrium. 
e. Based on the discretion of the designer, repeat steps 1 through 
4 until internal equilibrium is satisfied. 
a. Location of Neutral Axis. For the first iteration, assume 
the neutral axis to be located at y = D/2 = 3.5 in. 
b. Calculate f iit 2 kL and Y . e 
~ = ft/fc = 1.0 
k 4+2(1+~) 3+2(1+B) = 24 
Y = 0,358 t /kE/f' e 
= 2.20 in. ~ 3,5 in. (O.K.) 
c. Compute Internal Forces. The assumed stress distribution 
for the channel section is shown in Fig, A.2. Figure A.3 depicts 
the internal compressive forces (CF' c8, and CW) and the tensile 
forces (TF' r 8 , and TW) acting on the cross-section. 
The numerical values of these quantities are evaluated by the 
following expressions: 
ft = (D-y/y)f' = 43.15 ksi 
m = f'/y = 12.33 ksi/in. 
f'-my = 16.02 ksi 
e 
f'-md 34.52 ksi 
CF = btf' = 3.94 kips 
c8 = dt(f'+f2)/2 = 1.30 kips 
CW yet(f'+f1)/2 = 3.12 kips 
TF = wtft = 5.70 kips 
TW = 0.5(D-y)tft = 3.62 kips 
~c = 3.94+1.30+3.12 = 8.36 kips 
~T = 5.70+1.30+3.62 = 10.62 kips 
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Because ET > ~C, the neutral axis is lower than the assumed value 
of y = D/2. Therefore, a new assumption for y must be made and 
steps 2 and 3 repeated. 
After several iterations, the convergence criteria for equilibrium 
is satisfied when y = 3.77 in. Having located the neutral axis, the 
moment of inertia and section modulus are computed to be 4.58 in. 4 
and 1.21 in. 3, respectively. 
Thus, the ultimate bending moment for the channel section in 
question is 
168 
(M )b = f'S U W X 
= (43.15)(1.21) 
= 52.21 in.-kips 
As demonstrated by the preceding calculations, this method requires 
a trial and error procedure in order to evaluate the section modulus, 
and therefore without the aid of a computer would be very time con-
suming. 
A summary of the preceding calculations for the ultimate moment 
capacity of the beam member based on the UMR equations is given in 
Table A.l. 
In the design of beam members, the moment capacity of the section 
is governed by (M )f or (M )b , whichever is smaller. For the channel 
u u w 
section given in Fig. A.l, the value of (Mu)bw is less than (Mu)f, and 





























SUMMARY OF ULTIMATE BENDING MOMENTS 
FOR THE MEMBER SHOWN IN FIG. A.l 
(Mu)f, 
Based on 
full web depth 
in inch-kips 
61.75 
(Mu)bw' in inch-kips 
Full web depth method 
I II III 








OF WEB ELEMENTS 
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A study was conducted to determine the buckling pattern for 
beam webs subjected to bending and to primarily shear. This investi-
gation involved the measurement of the lateral deformations of the 
web elements for various loading increments. The deformations were 
plotted to obtain a visual record of the buckle wave. 
The lateral deformations of the web were measured to the nearest 
one thousandth of an inch (0.001 in.) by using five linear potentiometers. 
The potentiometers were spaced at 1-1/2 in. centers and were attached 
to a frame which could be adjusted to any position according to the 
grid lines plotted on the web (Fig. 1). Results of tests indicate 
that the accuracy of the lateral displacement measurement apparatus 
is such that repeatability of the readings is assured. 
The potentiometer readings were recorded on a punched paper 
tape utilizing a data acquisition system (Fig. 2). This data was 
then interpreted and plotted by using a Wang Model 600 Programmable 
Calculator, X-Y Plotter, and paper tape reader (Fig. 3). Typical 
profiles for the deformed web are shown in Figs. B.4-B.ll. These 
figures are discussed for beam webs subjected to bending and for 
beam webs subjected primarily to shear. 
A. BEAM WEBS SUBJECTED TO BENDING 
As discussed in the first paper, the bending test specimens 
were loaded with two concentrated loads. This resulted in a pure 
moment region in the center portion of the beam, where the lateral 
deformations of the webs were recorded. 
Figures B,4-B.6 depict the typical configuration of the buckle wave 
in the longitudinal direction at D/4, D/2, and 3D/4 from the compression 
174 
flange respectively. An examination of Figs. B.4 and B.5 reveal that 
the buckle wave resembles a sinusoidal curve as previously assumed 
in the literature. Because at 3D/4 the web is subjected to a tensile 
stress, a sinusoidal wave did not form (Fig. 6). These figures also 
indicate that the magnitudes of the lateral deformations are largest 
at D/4 and decrease as the distance from the compression flange 
increases. This behavior can also be seen in Fig. 7, which is a plot 
of the lateral deformations in the vertical direction at the 
location of failure. 
B. BEAM WEBS SUBJECTED PRIMARILY TO SHEAR 
The lateral movement of beam webs subjected to shear was investi-
gated experimentally by measuring the deformations of the webs for 
the specimens discussed in the fourth paper. Typical plots of the 
lateral deformations in the vertical direction for the beam webs are 
shown in Figs. B.8-B.ll. A study of these figures indicates that the 
web remained relatively straight up to the application of the 
theoretical buckling load. However, when the applied load exceeded 
the theoretical buckling load, out of plane deformations increased 
significantly. As observed from Figs. B.8-B.ll, a distinct diagonal 
shear buckle wave formed in the web as the failure load was approached. 
,. 
Fig . B. ! . Lateral Deformation Measurement Unit 
J 
EJ 
f~g . B,2. Data Acquisition System and Paper 
Tape l?unch 
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Fig. B.7. Web Profile of Specimen No. B-3-3 at 
Cross-Section a-a 
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Fig. B.8. Web Profile at Section a-a for Shear Test 
Specimen No. S-18-1 
182 
LATERAL DEFLECTION, IN. 
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Fig. B.9. Web Profile at Section b-b for Shear Test 
Specimen No. S-18-1 
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LATERAL DEFLECTION, IN. 
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Fig. B.lO. Web Profile at Section c-c for Shear Test 
Specimen No. S-18-1 
184 
LATERAL 
















HP---t-- Initial Load 
P=II.Okips 
,.,.._--+-- P= 18.8 kips 




Fig. B.ll. Web Profile at Section d-d for Shear Test 
Specimen No. S-18-1 
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